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ABSTRACT 
AN INVESTIGATION OF THE RELATIONSHIPS BETWEEN MINERAL NUTRITION AND THE 
PHYTOEXTRACTION OF ZINC BY INDIAN MUSTARD (Brassica juncea Czern.) 
MAY 2002 
RUSSELL L. HAMLIN, B.S.A., THE UNIVERSITY OF GEORGIA 
M.S., THE UNIVERSITY OF GEORGIA 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by : Professor Allen V. Barker 
Zinc is the heavy metal occurring in the greatest concentrations in the majority of wastes in modern, 
industrialized communities and is a common metal found at metal-polluted sites. Phytoextraction is a 
plant-based remediation technology aimed at the removal of metals from contaminated sites through the 
use of metal-accumulating plants. Although Indian mustard (.Brassica juncea Czern.) has been identified 
as a moderate accumulator of Zn, little is known about the Zn-phytoextraction potential of this plant and 
whether or not mineral nutrition could be used to improve plant growth and Zn accumulation under Zn- 
contaminated conditions. The objectives of this research were to determine how the Zn phytoextraction 
potential of B. juncea is affected by: (a) the concentration of Zn in the nutrient medium; (b) the alleviation 
of Zn-induced Fe deficiency; (c) the molar % ratio of NH4+ to N03 and (d) the concentration of N and P in 
the nutrient medium. The pH of nutrient solutions generally decreased with: increasing Zn supply; 
decreasing Fe supply; and increasing proportion of NH/-N in nutrient solutions. The ability of B. juncea 
to phytoextract Zn increased with increasing Zn supply initially, but then leveled off because the increase 
in shoot Zn concentration was accompanied by a suppression of shoot growth. Zinc-induced Fe deficiency 
was found to limit the effectiveness of B. juncea to phytoextract Zn, and increased P fertility appeared to 
exacerbate this problem. Alleviating Fe deficiency with root applied Fe-EDDHA had a limited effect on 
vi 
increasing Zn phytoextraction because Zn accumulation was suppressed with increasing Fe supply. Plants 
concentrated more Zn in shoots and roots if plants were supplied a high proportion of N03', and 
increasing NH4+ nutrition enhanced growth. Zinc phytoextraction was maximized if plants were supplied 
90% N03'-N and 10% NH/-N. Zinc accumulation in shoots increased with increasing N and P supply, but 
the effect of N was greater. To the extent that N was a limiting factor for growth, N additions increased 
plant growth, but growth was not effected by P nutrition. Increased N fertility can increase Zn 
phytoextraction, but the effect of P nutrition is limited. 
Vll 
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CHAPTER 1 
INTRODUCTION 
The pollution of soil and water with heavy metals is an environmental concern today. Metals are 
among the most prevalent forms of contamination found at waste sites in the United States, and their 
remediation is among the most technically difficult (Cunningham et al., 1997). The cost of cleaning metal 
polluted sites in the United States is estimated currently to be $7,100 million (Ensley, 2000), a burden that 
has led to the search for new cleanup technologies that have the potential to be low-cost (Cunningham and 
Ow, 1996). Phytoextraction is an emerging plant-based remediation technology aimed at the removal of 
metals from contaminated sites through the use of metal-accumulating plants (Kumar et al., 1995). The 
goal is for plants to absorb and sequester large quantities of metals in their shoots, which can then be 
harvested and discarded, resulting in the removal of targeted metals from the site. The overall potential of 
plants to remove metals in their shoots is determined by their ability to rapidly produce abundant shoot 
mass with high concentrations of the targeted metal (Blaylock et al., 1997; Cunningham and Ow, 1996). 
Phytoextraction is not applicable to all metal contamination problems, but rather is another tool to be used 
in conjunction with existing technologies to provide a more comprehensive approach to cleaning metal 
polluted sites. However, in areas that have been contaminated with low to moderate levels of heavy metals 
at shallow depth, phytoextraction has some advantages over conventional cleanup methods, the primary 
one being low cost. 
Over the past decade, researchers have sought to perfect this remediation technology by searching 
for the ideal metal-accumulating plant and by investigating the means by which metals can be liberated 
from the soil for root uptake. Several accessions of Indian mustard (Brassica juncea Czern.) exhibit 
favorable traits for phytoextraction, including their ability to accumulate metals such as Cd, Cu, Cr, Ni, 
Pb, and Zn (Blaylock et al., 1997; Dushenkov et al., 1995; Ebbs and Kochian, 1998; Kumar et al., 1995; 
Salt et al., 1995a). Only a fraction of the phytoremediation research addresses the use of Indian mustard 
1 
for the phytoextraction of Zn. It is appropriate to investigate the Zn phytoextraction potential of Indian 
mustard further because Zn is the heavy metal occurring in the greatest concentrations in the majority of 
wastes arising in modern, industrialized communities (Boardman and McGuire, 1990; Lambert et al., 
1997; Mathys, 1980), and Indian mustard is among the most viable plant candidates for phytoextraction at 
the present time (Ebbs and Kochian, 1998; Kumar et al., 1995). 
The need for specialized agronomic practices is agreed upon by phytoremediation researchers, yet 
few research efforts have addressed this issue directly. Metal-contaminated soils are often nutrient 
deficient (Smirnoff and Stewart, 1987; Smith and Bradshaw, 1979; Clark and Clark, 1981), and the 
relationship between plant nutrition and phytoextraction by plants could be of particular relevance. 
Mineral nutrition could be used to enhance phytoextraction by influencing plant growth and the 
absorption of elements by plant roots (Marschner, 1995), but little attention has been given to the 
development of specialized fertility practices for phytoextraction. Fertilizers are used commonly in 
agriculture to promote plant health and to increase yield, but the benefits and limitations of mineral 
nutrition with respect to phytoextraction are not clear. 
The amount and source of N used in fertility practices can have effects on plant growth, nutrient 
absorption, and the availability of nutrients in the root medium (Barker and Mills, 1980), and may 
influence Zn phytoextraction. Phosphorus fertilization may also improve plant growth under Zn- 
contaminated conditions (Boawn and Rasmussen, 1971) and could increase the Zn tolerance of plants. 
Under simulated Cd-contaminated conditions, B. juncea shoots contained more total Cd if plants were 
supplied increasing levels of N, P, or K, primarily due to increased shoot mass production (Zaurov et al., 
1999). If available in excess of plant needs, Zn may induce deficiencies of other essential elements 
including P (Boawn and Rasmussen, 1971), Cu, Fe, and Mn (Marschner, 1995), and deficiencies of Fe 
and Mn for B. juncea have been reported (Ebbs and Kochian, 1997). These deficiencies can suppress plant 
growth and may limit the potential of B. juncea for phytoextraction, and it is not known whether or not 
supplying deficient elements would promote plant growth at the expense of metal accumulation. 
2 
The objective of this research was to investigate the relationships between mineral nutrition and 
the phytoextraction of Zn by Indian mustard. Specifically, this research assessed the effects of Fe, P, N, or 
Zn nutrition on the growth of B. juncea and the accumulation Zn in its tissues. Proper plant nutrition has 
the potential to be an effective, low-cost agronomic practice for enhancing the phytoextraction of heavy 
metals by plants, but more research is required before fertilizers can be used effectively for this purpose. 
3 
CHAPTER 2 
LITERATURE REVIEW 
2.1. Pollution and Environmental Awareness in The United States 
The 20th Century can be characterized as a time of increasing environmental awareness. Much of 
the society came to realize that in the race for progress and prosperity, it failed to protect the environment 
and the natural resources on which it depends. In the earlier half of the 20th Century, the disposal of 
industrial waste by many companies in the United States was regarded as a non-productive function to be 
achieved at the least possible cost (Cook, 1977). This mentality, coupled with insufficient governmental 
action and legislation, led to massive contamination of groundwater and soil at sites across the United 
States (Ward, 1999). In the latter half of the 20th Century people witnessed such environmental disasters 
as the pollution of Lake Erie and Lake Ontario (International Joint Commission, 1970), the discovery of 
toxic waste under the Love Canal community of New York (Levine, 1982), and the smog-related deaths of 
more than 4,000 people in London (Wise, 1968). Such widespread pollution gained considerable public 
attention and brought about monumental changes in American society. 
Positive steps were taken in the United States during the late 1960's and early 1970's to raise 
public awareness and to curtail environmental pollution by implementing stringent governmental 
regulations. The Solid Waste Disposal Act of 1965 (SWDA) was the first act that regulated waste on a 
national scale (Reed et al., 1992). In 1969, Congress passed the National Environmental Policy Act 
(NEPA), the first act to provide a national policy for the environment. The first annual Earth Day was 
held on April 22, 1970, to celebrate the environment and to heighten public awareness of the problems 
that compromise the integrity of the environment. In the same year. President Richard Nixon established 
the Environmental Protection Agency (EPA) as the implementing arm of the NEPA. Other important 
legislation of the 1970's included the Clean Air Act (CAA; 1970), the Federal Water Pollution Control 
Act (FWPCA; 1972), the Safe Drinking Water Act (SDWA; 1974), and the Resource Conservation and 
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Recovery Act (RCRA; 1976). As stated by Reed et al. (1992), these acts and others passed by Congress 
provided for the “cradle to the grave” regulation of hazardous waste. Congress later passed the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA, commonly called 
Superfund; 1980) that enabled the federal government to delegate the costs of remedial action to the 
parties responsible for hazardous waste violations. Pressure to meet the new standards for environmental 
quality propelled whole industries to re-engineer their fundamental processes and products (Cunningham 
et al., 1997) and forced some companies out of business (Cammarota, 1980). The proper disposal of 
hazardous waste and the need to clean existing contaminated sites became a productive function for many 
public and private institutions in light of the substantial fines and penalties, which could be mandated by 
regulatory agencies. Government agencies and private industry alike began a search for efficient, cost- 
effective technologies that could be used to remediate (i.e. clean) hazardous waste sites, an initiative that 
remains to the present day. 
Currently 300,000 to 400,000 hazardous waste sites in the United States require some future 
remedial action (NRC, 1997). However, only an estimated 30,000 of these are recognized by the EPA as 
candidates for immediate treatment (Ensley, 2000). These sites may be polluted with inorganic 
contaminants, organic contaminants, or more commonly mixtures of both. The remediation of all U S. 
hazardous waste sites in existence could cost as much as $1 trillion (NRC, 1997), but the estimated 
expense for sites of immediate concern is much less. The projected cost for remediation of areas 
containing mixtures of heavy metals and organic pollutants is $35.4 billion over the next five years, 
whereas cleanup of sites contaminated with metals only would cost $7.1 billion (Ensley, 2000). The high 
cost of hazardous waste cleanup is due in part to the inefficiency and high cost of available technologies. 
Conventional remediation techniques are based on civil and chemical engineering technologies including 
a wide variety of physical, thermal, and chemical treatments, as well as manipulations to accelerate or 
reduce mass transport in the contaminated matrix (Cunningham et al., 1997). According to NRC (1997), 
as cleanup at waste sites has proceeded, it has become evident that despite the billions of dollars invested, 
conventional remediation technologies are inadequate. The lack of commercially available technologies 
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that can restore contaminated sites at reasonable cost has led to increasing pressure to limit waste 
cleanups to sites that pose immediate risks to human health. 
Metals and other inorganic contaminants are among the most prevalent forms of contamination 
found at waste sites, and their remediation in soils and sediments are among the most technically difficult 
(Cunningham et al., 1997). Sources of anthropogenic metal contamination include smelting of 
metalliferous ore, electroplating, gas exhaust, energy and fuel production, the application of fertilizers and 
municipal sludges to land, and industrial manufacturing (Blaylock and Huang, 2000; Cunningham et al., 
1997; Raskin et al., 1994). Heavy metal contamination of the biosphere has increased sharply since 1900 
(Nriagu, 1979) and poses major environmental and human health problems worldwide (Ensley, 2000). 
According to Raskin et al. (1994), the term heavy metal is arbitrary and imprecise. In this dissertation, 
‘heavy metal’ will refer to any element that has metallic properties and atomic number greater than 20 
(Raskin et al., 1994). Unlike many organic contaminants, most metals and radionuclides cannot be 
eliminated from the environment by chemical or biological transformation (Cunningham and Ow, 1996; 
NRC, 1997). Although it may be possible to reduce the toxicity of certain metals by influencing their 
speciation, they do not degrade and are persistent in the environment (NRC, 1999). The following section 
describes some of the various conventional remediation technologies that are used to clean heavy metal 
polluted environments. Each method has specific benefits, limitations (Table 2.1), and costs (Table 2.2), 
which should be considered by those responsible for remedial action. 
2.2. Conventional Remediation Technologies 
2.2.1. Excavation and Landfill 
Excavation of soil followed by disposal in a landfill is the most commonly used method of 
cleaning sites that have been contaminated with heavy metals (Begonia et al., 1998). A major criticism of 
this method is that contaminants are merely moved from one site to another with no effort to destroy, 
remove, or stabilize them on site. Containment measures at the landfill are designed to isolate the 
contaminated material from the environment so that any liquid or gaseous interchange is minimized or 
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controlled (Wood, 1997). Other remediation techniques are commonly used at landfill sites to aid in the 
isolation of hazardous materials. For instance, landfill caps reduce the amount of water infiltration and 
suppress the downward migration of contaminants, whereas underground vertical barriers inhibit lateral 
movement. 
2.2.2. Impermeable or Containment-type Barriers 
Impermeable barriers can be used to completely surround a source of groundwater contamination 
and are among the least expensive, most widely used means of preventing the spread of metals in 
groundwater (NRC, 1999). As previously mentioned, barriers are used often at landfills to isolate the 
contaminated mass from the outside environment (Wood, 1997). This method may include the use of caps, 
horizontal or vertical walls, or a combination of these. According to Wood (1997), a cap consists of a 
single or multiple layers of un-contaminated material that covers an area of contamination. The primary 
function of a cap is to suppress the downward migration of metals by controlling the infiltration of water. 
Covering the area also prevents the exposure of at-risk targets and encourages vegetative growth over the 
site. The cap can be vegetative or consist of certain clays, lime, fly ash, sewage sludge, concrete or asphalt, 
or synthetic membranes or geotextiles. Underground vertical barriers are used around the perimeter of a 
contaminated site to control the lateral movement of groundwater. Vertical barriers can be composed of 
clay mixtures, concrete, steel sheet piling, and synthetic membranes (Wood, 1997). Horizontal walls 
function in a similar manner as caps in preventing the downward migration of contaminants. However, 
horizontal barrier technology is not yet perfected and is seldom used due to the inherent difficulties in 
establishing an impenetrable layer under a site. Because contaminants are not removed, sites where 
barrier technologies have been used will often have long-term site restrictions, something that parties 
responsible for site restoration must consider. 
2.2.3. Permeable Reactive Barriers 
A permeable reactive barrier is a passive treatment zone of reactive material which is installed 
across the flow path of a contaminant plume (NRC, 1999). As groundwater flows through the treatment 
zone, metal contaminants are immobilized by sorption or precipitation within the barrier. Reactive 
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barriers can be constructed of any materials that react with inorganic contaminants including zeolites, 
hydrous ferric oxide, peat, silica, polymer gels, or limes. They are most often used to treat localized areas 
where contaminant plumes exist but can be used to totally enclose an area where the movement of 
contaminants off site poses high risk to the surrounding environment. Sorption or precipitation within a 
reactive barrier must be regarded as a retardation of contaminant migration rather than as a permanent 
solution to the problem (NRC, 1999). 
2.2.4. In Situ Vitrification 
In situ vitrification is a remediation technology used to treat small areas with high levels of 
organic or inorganic soil contamination. Soils are heated to temperatures between 1000 and 1700 °C and 
are melted by applying an alternating electrical current between electrodes placed in the ground. When 
cool, soil becomes an impermeable glass or crystalline solid which is more resistant to leaching of the 
chemically or physically bound metals than the original soil (NRC, 1999; Wood, 1997). The vitrified 
material may be covered with clean soil, and left on site or removed and disposed of in a controlled 
landfill. This expensive remedial technology (Table 2.2) is normally reserved for contamination that is not 
readily treated by other methods (Wood, 1997). 
2.2.5. Solidification and Stabilization 
Solidification and stabilization technologies are is designed to suppress the movement of 
contaminants in soils, sludges, and liquids by reducing their solubility or by changing the permeability of 
the matrix (NRC, 1997). The objective is to stabilize contaminants by binding them physically within a 
solidified mass, which is more resistant to leaching than the original soil. The success of this technology 
depends on the ability to mix the stabilizing agent with the contaminated matrix (NRC, 1999). The 
principal stabilization materials are portland-type cements, pozzolanic materials, lime, silicates, clays, and 
polymers (Wood, 1997; NRC, 1999). Pozzolans are small spherical fly ash particles formed in the 
combustion of coal. Those that are high in silica have cement-like properties when mixed with water 
(Wood, 1997). If left on site, the solidified monolith may require long-term monitoring to ensure that 
leaching of contaminants does not occur. 
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2.2.6. In Situ Redox Manipulation 
In situ redox manipulation is used to reduce the mobility or toxicity of certain metals that are 
hazardous in their oxidized form but not in reduced form (NRC, 1999). This manipulation can be used to 
treat metals in soil and groundwater that are not readily accessible from the surface. This method involves 
the injection of chemical reducing agents into the ground or the stimulation of naturally-occurring iron- 
reducing bacteria with nutrients, to create reducing conditions in the subsurface. Commonly used reducing 
agents include aluminum, sodium and zinc metals, and some specific iron compounds (Wood, 1997). 
Long-term monitoring and treatment may be required to ensure that mobilization of the contaminants 
does not occur by reoxidation (NRC, 1999). 
2.2.7. Soil Washing 
A problem with the excavation-and-landfill method is that the majority of the soil mass being 
deposited in a landfill consists of soil components themselves and not the actual pollutant. Not only is it 
expensive to place large volumes of soil in a controlled landfill, it also reduces the amount of space 
available for other hazardous materials. Soil washing is a soil remediation technique that aims to 
concentrate soil contaminants into a relatively small volume (Wood, 1997). The benefit of consolidating 
hazardous substances is that costs associated with disposal and treatment are related only to the reduced 
volume of process residues. After excavation, contaminated soil is taken to a washing facility where it is 
screened to remove debris and large objects and then leached with washing agents such as acids or 
chelates which displace or extract contaminants from soil particles (Dennis et al., 1994; NRC, 1999). The 
resulting leachate is rich in the target contaminant and can be treated as waste water (Wood, 1997), a less 
expensive approach than the disposal of the soil itself. 
2.2.8. Soil Flushing 
The goal of soil flushing is identical to that of soil washing, to liberate contaminants from the 
solid phase of a soil and concentrate them in a liquid phase which can be recovered and treated as waste 
water. Both techniques employ the use of washing or extracting solutions, but soil flushing is an in situ 
process whereas soil washing takes place off site. The process of soil flushing involves the use of 
9 
extracting chemicals, which are applied to the contaminated soil by surface flooding, sprinklers, leach 
fields, or by vertical or horizontal injection walls (NRC, 1999). After contact with the soil, the flushing 
solutions are recovered for disposal or treatment. Soil flushing is a clean-up method, which is seldom used 
by itself. Other remediation techniques that specialize in the recovery of the contaminant-rich leachate 
will commonly be used in conjunction with soil flushing. 
2.2.9. Electrokinctic Systems 
Some contaminated soils are not suitable for soil flushing because of their low permeability or 
because of the perceived difficulties in recovering the extracting solution. Electrokinctic systems employ 
the use of electrical fields to mobilize and remove contaminants in soil and are attractive alternatives to 
soil flushing for low permeability soils (EPA, 1997). As described by Wood (1997), this is an in situ 
process where an electrical current is passed through an array of electrodes that are embedded in the soil. 
When the current is applied, contaminants move through soil water in pore spaces towards the electrode 
of opposite charge. The electrodes have porous housings into which purging solutions are pumped to 
remove the contaminants and bring them to the surface. The purging solutions are then taken to a water 
treatment plant for contaminant removal. Site managers must be prepared to handle the large amounts of 
acid and base which are produced by the process. The efficiency of this technique has not been proven in 
the United States and will require further field testing before it becomes an accepted remediation method 
by regulatory agencies. 
2.2.10. Bioremediation 
The term bioremediation is sometimes thought to be synonymous with phytoremediation, but 
these terms describe two completely different methods. Although both seek to exploit living organisms to 
alter contaminated environments, bioremediation involves the manipulation of microbial populations, and 
phytoremediation concerns the use of higher plants. Bioremediation refers to a process through which 
metal contaminants are modified as a direct result of microbial activity (NRC, 1999). The objective may 
be to mobilize, immobilize, or reduce the toxicity of metals in soil or water depending on the ultimate 
goals of remediation (Smith et al., 1994). If reducing conditions are maintained by the addition of suitable 
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substrates, such as oxygen and nutrients, inorganic contaminants will remain in their highly insoluble, 
immobile forms (NRC, 1999; Wood, 1997). However, the immobilization of some contaminants should be 
viewed as a temporary fix and not a final solution to the problem. 
2.3. Unconventional Plant-based Remediation Technologies: The Phvtoremediation Concent 
2.3.1. Development of Phytoremediation 
Conventional remediation technologies are used to clean the vast majority of metal-polluted sites. 
The reason is because they are fast, relatively insensitive to heterogeneity in the contaminated matrix, and 
can function over a wide range of oxygen, pH, pressure, temperature, and osmotic potentials 
(Cunningham et al., 1997). However, they also tend to be clumsy, costly, and disruptive to the 
surrounding environment (Cunningham and Ow, 1996). Of the disadvantages of conventional 
remediation methods (Table 2.1), cost (Table 2.2) is the primary driving force behind the search for 
alternative remediation technologies. Some micro-organism-based remediation techniques, such as 
bioremediation, show potential for their ability to degrade and detoxify certain contaminants. Although 
these biological systems are less amenable to environmental extremes than other traditional methods, they 
have the perceived advantage of being more cost-effective (Cunningham et al., 1997). Bioremediation is 
most applicable for sites that have been contaminated with organic pollutants, and as such, this condition 
has been the focus of the majority of bioremediation research. Because heavy metals are not subject to 
degradation, several researchers have suggested that bioremediation has limited potential to remediate 
metal-polluted environments. In contrast, plants are known to sequester certain metal elements in their 
tissues (Marschner, 1995) and may prove useful in the removal of metals from contaminated soils 
(Chaney, 1983). Over the past decade there has been increasing interest for the development of plant- 
based remediation technologies which have the potential to be low-cost, low-impact, visually benign, and 
environmentally sound (Cunningham and Ow, 1996), a concept called phytoremediation. 
Phytoremediation is a word formed from the Greek prefix “phyto” meaning plant, and the Latin 
suffix “remedium” meaning to clean or restore (Cunningham et al., 1997). The term actually refers to a 
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diverse collection of plant-based technologies that use either naturally occurring or genetically engineered 
plants for cleaning contaminated environments (Flathman and Lanza, 1998). The primary motivation 
behind the development of phytoremediative technologies is the potential for low-cost remediation (Table 
2.2; Ensley, 2000). Although the term, phytoremediation, is a relatively recent invention, the practice is 
not (Brooks, 1998a; Cunningham et al., 1997). Research using semi-aquatic plants for treating 
radionuclide-contaminated waters existed in Russia at the dawn of the nuclear era (Salt et al., 1995a; 
Timofeev-Resovsky et al., 1962). Some plants which grow on metalliferous soils have developed the 
ability to accumulate massive amounts of the indigenous metals in their tissues without exhibiting 
symptoms of toxicity (Baker and Brooks, 1989; Baker et al., 1991; Reeves and Brooks, 1983). Chaney 
(1983) was the first to suggest using these “hyperaccumulators” for the phytoremediation of metal- 
polluted sites. However, hyperaccumulators were later believed to have limited potential in this area 
because of their small size and slow growth, which limit the speed of metal removal (Comis, 1996; 
Cunningham et al., 1995; Ebbs et al., 1997). By definition, a hyperaccumulator must accumulate at least 
1000 /ug-g'1 of Co, Cu, Cr, Pb, or Ni, or 10,000 /ug-g1 (i.e. 1%) of Mn or Zn in the dry matter (Reeves and 
Baker, 2000; Wantanabe, 1997). Some plants tolerate and accumulate high concentrations of metal in 
their tissue but not at the level required to be called hyperaccumulators. These plants are often called 
moderate metal-accumulators, or just moderate accumulators (Kumar et al., 1995). The lack of viable 
plant alternatives for phytoremediation seemed to suppress the amount of phytoremediation research 
conducted between the mid 1980s and the early half of the 1990s. The search for plants for 
phytoremediation centered on the Brassica family to which many hyperaccumulators belong (Cunningham 
et al., 1995). Through the work of various researchers, particularly Kumar et al. (1995) and Dushenkov et 
al. (1995), several high-biomass, metal-accumulating species were identified. Phytoremediation research 
gained momentum after the discovery of these plants, and most of our understanding of this emerging 
technology has come from research reports published since 1995. 
Phytoremediation consists of a collection of four different plant-based technologies, each having 
a different mechanism of action for the remediation of metal-polluted soil, sediment, or water. These 
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include: rhizofiltration, which involves the use of plants to clean various aquatic environments; 
phytostabilization, where plants are used to stabilize rather than clean contaminated soil; 
phytovolatilization, which involves the use of plants to extract certain metals from soil and then release 
them into the atmosphere through volatilization; and phytoextraction, where plants absorb metals from 
soil and translocate them to the harvestable shoots where they accumulate. Although plants show some 
ability to reduce the hazards of organic pollutants (Carman et al., 1998; Cunningham et al., 1995; Gordon 
et al., 1997), the greatest progress in phytoremediation has been made with metals (Blaylock and Huang, 
2000; Salt et al., 1995a; Watanabe, 1997). Phytoremediative technologies which are soil-focused are 
suitable for large areas that have been contaminated with low to moderate levels of contaminants. Sites 
which are heavily contaminated cannot be cleaned through phytoremediative means because the harsh 
conditions will not support plant growth. The depth of soil which can be cleaned or stabilized is restricted 
to the root zone of the plants being used. Depending on the plant, this depth can range from a few inches 
to several meters (Schnoor et al., 1995). Phytoremediation should be viewed as a long-term remediation 
solution because many cropping cycles may be needed over several years to reduce metals to acceptable 
regulatory levels. This new remediation technology is competitive with, and may be superior to existing 
conventional technologies at sites where phytoremediation is applicable (Tables 2.1 and 2.2). 
Phytoremediation is not the solution for all hazardous waste problems but is rather a tool that can be used, 
possibly in conjunction with other clean-up methods, to remediate polluted environments. 
2.3.2. Rhizofiltration 
Metal pollutants in industrial-process water and in groundwater are most commonly removed by 
precipitation or flocculation, followed by sedimentation and disposal of the resulting sludge (Ensley, 
2000). A promising alternative to this conventional clean-up method is rhizofiltration, a phytoremediative 
technique designed for the removal of metals in aquatic environments. The process involves raising plants 
hydroponically and transplanting them into metal-polluted waters where plants absorb and concentrate the 
metals in their roots and shoots (Dushenkov et al., 1995; Flathman and Lanza, 1998; Salt et al., 1995a; 
Zhu et al., 1999). Root exudates and changes in rhizosphere pH also may cause metals to precipitate onto 
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root surfaces. As they become saturated with the metal contaminants, roots or whole plants are harvested 
for disposal (Flathman and Lanza, 1998; Zhu et al., 1999). Most researchers believe that plants for 
phytoremediation should accumulate metals only in the roots (Dushenkov et al., 1995; Flathman and 
Lanza, 1998; Salt et al., 1995a). Dushenkov et al. (1995) explains that the translocation of metals to 
shoots would decrease the efficiency of rhizofiltration by increasing the amount of contaminated plant 
residue needing disposal. In contrast, Zhu et al. (1999) suggest that the efficiency of the process can be 
increased by using plants which have a heightened ability to absorb and translocate metals within the 
plant. Despite this difference in opinion, it is apparent that proper plant selection is the key to ensuring 
the success of rhizofiltration as a water cleanup strategy. 
Dushenkov and Kapulnik (2000) describe the characteristics of the ideal plant for rhizofiltration. 
Plants should be able to accumulate and tolerate significant amounts of the target metals in conjunction 
with easy handling, low maintenance cost, and a minimum of secondary waste requiring disposal. It is 
also desirable for plants to produce significant amounts of root biomass or root surface area. Several 
aquatic species have the ability to remove heavy metals from water, including water hyacinth (Eichhornia 
crassipes (Mart.) Solms; Kay et al., 1984; Zhu et al., 1999), pennywort (Hydrocotyle umbellata L.; 
Dierberg et al., 1987), and duckweed (Lemna minor L.; Mo et al., 1989). However, these plants have 
limited potential for rhizofiltration, because they are not efficient at metal removal, a result of their small, 
slow-growing roots (Dushenkov et al., 1995). These authors also point out that the high water content of 
aquatic plants complicates their drying, composting, or incineration. Despite limitations, Zhu et al. (1999) 
indicated that water hyacinth is effective in removing trace elements in waste streams. Terrestrial plants 
are thought to be more suitable for rhizofiltration because they produce longer, more substantial, often 
fibrous root systems with large surface areas for metal sorption. Sunflower (Helianthus annuus L.) and 
Indian mustard (Brassica juncea Czem.) are the most promising terrestrial candidates for metal removal 
in water. The roots of Indian mustard are effective in the removal of Cd, Cr, Cu, Ni, Pb, and Zn 
(Dushenkov et al., 1995), and sunflower removes Pb (Dushenkov et al., 1995), U (Dushenkov et al., 
1997a), 137Cs, and 90Sr (Dushenkov et al., 1997b) from hydroponic solutions. 
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Rhizofiltration is a cost-competitive technology in the treatment of surface water or groundwater 
containing low, but significant concentrations of heavy metals such as Cr, Pb, and Zn (Table 2.2; Ensley, 
2000). The commercialization of this technology is driven by economics as well as by such technical 
advantages as applicability to many problem metals, ability to treat high volumes, lesser need for toxic 
chemicals, reduced volume of secondary waste, possibility of recycling, and the likelihood of regulatory 
and public acceptance (Dushenkov et al., 1995). However, the application of this plant-based technology 
may be more challenging and susceptible to failure than other methods of similar cost (Table 2.2). The 
production of hydroponically grown transplants and the maintenance of successful hydroponic systems in 
the field will require the expertise of qualified personnel, and the facilities and specialized equipment 
required can increase overhead costs. Perhaps the greatest benefit of this remediation method is related to 
positive public perception. The use of plants at a site where contamination exists conveys the idea of 
cleanliness and progress to the public in an area that would have normally been perceived as polluted. 
2.3.3. Phytostabilization 
Sometimes there is no immediate effort to clean metal-polluted sites, either because the 
responsible companies no longer exist or because the sites are not of high priority on a remediation 
agenda (Berti and Cunningham, 2000). The traditional means by which metal toxicity is reduced at these 
sites is by in-place inactivation, a remediation technique that employs the use of soil amendments to 
immobilize or fix metals in soil. Although metal migration is minimized, soils are often subject to erosion 
and still pose an exposure risk to humans and other animals. Phytostabilization, also known as 
phytorestoration, is a plant-based remediation technique that stabilizes wastes and prevents exposure 
pathways via wind and water erosion; provides hydraulic control, which suppresses the vertical migration 
of contaminants into groundwater; and physically and chemically immobilizes contaminants by root 
sorption and by chemical fixation with various soil amendments (Berti and Cunningham, 2000; 
Cunningham et al., 1995; Flathman and Lanza, 1998; Salt et al., 1995a; Schnoor, 2000). This technique 
is actually a modified version of the in-place inactivation method in which the function of plants is 
secondary to the role of soil amendments. Unlike other phytoremediative techniques, the goal of 
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phytostabilization is not to remove metal contaminants from a site, but rather to stabilize them and reduce 
the risk to human health and the environment. 
The most comprehensive and up-to-date explanation of the phytostabilization process is offered 
by Berti and Cunningham (2000). Before planting, the contaminated soil is plowed to prepare a seed bed 
and to incorporate lime, fertilizer, or other amendments for inactivating metal contaminants. Soil 
amendments should fix metals rapidly following incorporation, and the chemical alterations should be 
long lasting if not permanent. The most promising soil amendments are phosphate fertilizers, organic 
matter or bio-solids, iron or manganese oxyhydroxides, natural or artificial clay minerals, or mixtures of 
these amendments. 
Plants chosen for phytostabilization should be poor translocators of metal contaminants to 
aboveground plant tissues that could be consumed by humans or animals. The lack of appreciable metals 
in shoot tissue also eliminates the necessity of treating harv ested shoot residue as hazardous waste 
(Flathman and Lanza, 1998). Selected plants should be easy to establish and care for, grow quickly, have 
dense canopies and root systems, and be tolerant of metal contaminants and other site conditions which 
may limit plant growth. The research of Smith and Bradshaw (1979) led to the development of two 
cultivars ofAgrostis tenuis Sibth. and one of Festuca rubra L. which are now commercially available for 
the phytostabilization of Pb-, Zn-, and Cu-contaminated soils. 
Phytostabilization is most effective at sites having fine-textured soils with high organic-matter 
content but is suitable for treating a wide range of sites where large areas of surface contamination exist 
(Berti and Cunningham, 2(XX); Cunningham et al., 1995). However, some highly contaminated sites are 
not suitable for phytostabilization, because plant growth and survival is not a possibility (Berti and 
Cunningham, 2000). At sites which support plant growth, site managers must be concerned with the 
migration of contaminated plant residue off site (Schnoor, 2000) or disease and insect problems w hich 
limit the longevity of the plants. Phytostabilization has advantages over other soil-remediation practices in 
that it is less expensive (Table 2.2), less environmentally evasive, easy to implement, and offers aesthetic 
value (Berti and Cunningham, 2000; Schnoor, 2000). When decontamination strategies are impractical 
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because of the size of the contaminated area or the lack of remediation funds, phytostabilization is 
advantageous (Berti and Cunningham, 2000). It may also serve as an interim strategy to reduce risk at 
sites where complications delay the selection of the most appropriate technique for the site. 
2.3.4. Phytovolatilization 
Some metal contaminants such as As, Hg, and Se may exist as gaseous species in environment. 
In recent years, researchers have searched for naturally occurring or genetically modified plants that are 
capable of absorbing elemental forms of these metals from the soil, biologically converting them to 
gaseous species within the plant, and releasing them into the atmosphere. This process is called 
phytovolatilization, the most controversial of all phytoremediation technologies. Mercury and Se are toxic 
(Suszcynsky and Shann, 1995; Wilber, 1980), and there is doubt about whether the volatilization of these 
elements into the atmosphere is safe (Watanabe, 1997). Selenium phytovolatilization has been given the 
most attention to date (Banuelos et al., 1993; Lewis et al., 1966; McGrath, 1998; Terry et al., 1992), 
because this element is a serious problem in many parts of the world where there are areas of Se-rich soil 
(Brooks, 1998b). However, there has been a considerable effort in recent years to insert bacterial Hg ion 
reductase genes into plants for the purpose of Hg phytovolatilization (Bizily et al., 1999; Heaton et al., 
1998; Rugh et al., 1996, 1998). Although there have been no efforts to genetically engineer plants which 
volatilize As, it is likely that researchers will pursue this possibility in the future. 
According to Brooks (1998b), the release of volatile Se compounds from higher plants was first 
reported by Lewis et al. (1966). Terry et al. (1992) report that members of the Brassicaceae are capable of 
releasing up to 40g Se ha 'day'1 as various gaseous compounds. Some aquatic plants, such as cattail 
(Typha latifolia L.), are also good for Se phytoremediation (Pilon-Smits et al., 1999). Unlike plants that 
are being used for Se volatilization, those which volatilize Hg are genetically modified organisms. 
Arabidopsis thaliana L. and tobacco (Nicotiana tabacum L.) have been genetically modified with bacterial 
organomecurial lyase (merB) and mercuric reductase (merA) genes (Heaton et al., 1998; Rugh et al., 
1998). These plants absorb elemental Hg(II) and methyl mercury (MeHg) from the soil and release 
volatile Hg(O) from the leaves into the atmosphere (Heaton et al., 1998). 
17 
The phytovolatilization of Se and Hg into the atmosphere has several advantages. Volatile Se 
compounds, such as dimethylselenide, are 1/600 to 1/500 as toxic as inorganic forms of Se found in the 
soil (DeSouza et al., 2000). The volatilization of Se and Hg is also a permanent site solution, because the 
inorganic forms of these elements are removed and the gaseous species are not likely to be redeposited at 
or near the site (Atkinson et al., 1990; Heaton et al., 1998). Furthermore, sites that utilize this technology 
may not require much management after the original planting. This remediation method has the added 
benefits of minimal site disturbance, less erosion, and no need to dispose of contaminated plant material 
(Heaton et al., 1998; Rugh et al., 2000). Heaton et al. (1998) suggest that the addition of Hg(O) into the 
atmosphere would not contribute significantly to the atmospheric pool. However, those who support this 
technique also agree that phytovolatilization would not be wise for sites near population centers or at 
places with unique meteorological conditions that promote the rapid deposition of volatile compounds 
(Heaton et al.,1998; Rugh et al., 2000). Unlike other remediation techniques, once contaminants have 
been removed via volatilization, there is a loss of control over their migration to other areas. Despite the 
controversy surrounding phytovolatilization, this technique is a promising tool for the remediation of Se 
and Hg contaminated soils. 
2.3.5. Phytoextraction 
Phytoextraction is the most commonly recognized of all phytoremediation technologies, and is 
the focus of the research proposed in this prospectus. The terms phytoremediation and phytoextraction are 
sometimes incorrectly used as synonyms, but phytoremediation is a concept while phytoextraction is a 
specific cleanup technology. The phytoextraction process involves the use of plants to facilitate the 
removal of metal contaminants from a soil matrix (Kumar et al., 1995). In practice, metal-accumulating 
plants are seeded or transplanted into metal-polluted soil and are cultivated using established agricultural 
practices. The roots of established plants absorb metal elements from the soil and translocate them to the 
above-ground shoots where they accumulate. If metal availability in the soil is not adequate for sufficient 
plant uptake, chelates or acidifying agents may be used to liberate them into the soil solution (Huang et 
al., 1997a; Lasat et al., 1998). After sufficient plant growth and metal accumulation, the above-ground 
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portions of the plant are harvested and removed, resulting the permanent removal of metals from the site. 
As with soil excavation, the disposal of contaminated material is a concern. Some researchers suggest that 
the incineration of harvested plant tissue dramatically reduces the volume of the material requiring 
disposal (Kumar et al., 1995). In some cases valuable metals can be extracted from the metal-rich ash and 
serv e as a source of revenue, thereby offsetting the expense of remediation (Comis, 1996; Cunningham 
and Ovv, 1996).wPh\toe.xtraction should be viewed as a long-term remediation effort, requiring many 
cropping cycles to reduce metal concentrations (Kumar et al., 1995) to acceptable levels (Table 2.3). The 
time required for remediation is dependent on the type and extent of metal contamination, the length of 
the growing season, and the efficiency of metal removal by plants, but normally ranges from 1 to 20 years 
(Blaylock and Huang, 2000; Kumar et al., 1995). This technology is suitable for the remediation of large 
areas of land that are contaminated at shallow depths with low to moderate levels of metal- contaminants 
(Kumar et al., 1995; Wantanabe. 1997). 
Many factors determine the effectiveness of phytoextraction in remediating metal-polluted sites 
(Blaylock and Huang, 2000). The selection of a site that is conducive to this remediation technolog}' is of 
primary importance. Phytoextraction is applicable only to sites that contain low to moderate levels of 
metal pollution, because plant growth is not sustained in heavily polluted soils. Soil metals should also be 
bioavailable, or subject to absorption by plant roots. The land should be relatively free of obstacles, such as 
fallen trees or boulders, and have an acceptable topography to allow for normal cultivation practices, 
which employ the use of agricultural equipment. As a plant-based technology, the success of 
phytoextraction is inherently dependent upon several plant characteristics. The two most important 
characters include the ability to accumulate large quantities of biomass rapidly and the ability to 
accumulate large quantities of environmentally important metals in the shoot tissue (Blaylock et al., 1997; 
Cunningham and Ovv. 1996; Kumar et al., 1995; McGrath. 1998). It is the combination of high metal 
accumulation and high biomass production that results in the most metal removal. Ebbs et al. (1997) 
reported that B. juncea, while having one-third the concentration of Zn in its tissue, is more effective at 
Zn removal from soil than T. caerulescens, a known hyperaccumulator of Zn. This advantage is due 
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primarily to the fact that B. juncea produces ten-times more biomass than T. caerulescens. Plants being 
considered for phytoextraction must be tolerant of the targeted metal, or metals, and be efficient at 
translocating them from roots to the harvestable above-ground portions of the plant (Blaylock and Huang, 
2000). Other desirable plant characteristics include the ability to tolerate difficult soil conditions (e.g., soil 
pH, salinity, soil structure, water content), the production of a dense root system, ease of care and 
establishment, and few disease and insect problems. Although some plants show promise for 
phytoextraction, there is no plant which possesses all of these desirable traits. Finding the perfect plant 
continues to be the focus of many plant-breeding and genetic-engineering research efforts. 
2.4. Enhancing the Phytoextraction Process 
2.4.1. Increasing Metal Availability in Soil 
A major factor influencing the efficiency of phytoextraction is the ability of plants to absorb large 
quantities of metal in a short period of time. Hyperaccumulators accumulate appreciable quantities of 
metal in their tissue regardless of the concentration of metal in the soil (Baker, 1981), as long as the metal 
in question is present. This property is unlike moderate accumulators now being used for phytoextraction 
where the quantity of absorbed metal is a reflection of the concentration in the soil. Although the total soil 
metal content may be high, it is the fraction that is readily available in the soil solution that determines 
the efficiency of metal absorption by plant roots. To enhance the speed and quantity of metal removal by 
plants, some researchers advocate the use of various chemicals for increasing the quantity of available 
metal for plant uptake. Chemicals that are suggested for this purpose include various acidifying agents 
(Blaylock and Huang, 2000; Brown et al.,1994; Cunningham and Ow, 1996; Huang et al., 1998), fertilizer 
salts (Lasat et al., 1997;1998) and chelating materials (Blaylock et al., 1997; Huang et al., 1997a). These 
chemicals increase the amount of bioavailable metal in the soil solution by either liberating or displacing 
metal from the solid phase of the soil or by making precipitated metal species more soluble. Research in 
this area has been moderately successful, but the wisdom of liberating large quantities of toxic metal into 
soil water is questionable. 
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Soil pH is a major factor influencing the availability of elements in the soil for plant uptake 
(Marschner, 1995). Under acidic conditions, H+ ions displace metal cations from the cation exchange 
complex (CEC) of soil components and cause metals to be released from sesquioxides and variable- 
charged clays to which they have been chemisorbed (i.e. specific adsorption; McBride, 1994). The 
retention of metals to soil organic matter is also weaker at low pH, resulting in more available metal in the 
soil solution for root absorption. Many metal cations are more soluble and available in the soil solution at 
low pH (below 5.5) including Cd, Cu, Hg, Ni, Pb, and Zn (Blaylock and Huang, 2000; McBride, 1994). It 
is suggested that the phytoextraction process is enhanced when metal availability to plant roots is 
facilitated through the addition of acidifying agents to the soil (Brown et al., 1994; Blaylock and Huang, 
2000; Salt et al., 1995a). Possible amendments for acidification include NH4-containing fertilizers, 
organic and inorganic acids, and elemental S. Trelease and Trelease (1935) indicated that plant roots 
acidify hydroponic solutions in response to NH4 nutrition and cause solutions to become more alkaline in 
response to N03 nutrition. Metal availability in the soil can be manipulated by the proper ratio of N03 to 
NH4 used for plant fertilization by the effect of these N sources on soil pH, but no phytoremediation 
research has been conducted on this topic to date. The acidification of soil with elemental S is a common 
agronomic practice, which can be used to mobilize metal cations in soil. Brown et al. (1994) acidified a 
Cd- and Zn-contaminated soil with elemental S and observed that accumulation of these metals by plants 
was greater than when the amendment was not used. Acidifying agents are also used to increase the 
availability of radioactive elements in the soil for plant uptake. Huang et al. (1998) reported that the 
addition of citric acid increases U accumulation in Indian mustard (B. juncea) tissues more than nitric or 
sulfuric acid although all acids decrease soil pH by the same amount. These authors speculated that citric 
acid chelates the soil U, thereby enhancing its solubility and availability in the soil solution. The addition 
of citric acid causes a 1000-fold increase of U in the shoots of B. juncea compared to accumulation in the 
control (no citric acid addition). Despite the promise of some acidifying agents for use in phytoextraction, 
little research is reported on this subject. 
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The addition of chelating materials to soil, such as EDTA, HEDTA, and EDDHA, is the most 
effective and controversial means of liberating labile metal-contaminants into the soil solution. Chelates 
complex the free metal ion in solution, allowing further dissolution of the sorbed or precipitated phases 
until an equilibrium is reached between the complexed metal, free metal, and insoluble metal fraction 
(Norvell, 1991). Chelates are used to enhance the phytoextraction of a number of metal contaminants 
including Cd, Cu, Ni, Pb, and Zn (Blaylock et al., 1997; Huang et al., 1997a, 1997b). Huang et al.(1997a) 
suggested that chelates are able to induce Pb accumulation in agronomic crops such as corn {lea mays L.) 
and pea (Pisum sativum L.). These authors reported a 1000-fold increase of Pb in the soil solution after 
HEDTA application in comparison to soil solution of a control (no HEDTA addition). Under these 
conditions Pb concentrations in the shoots of com and pea increases from less than 500 mg-kg'1 to more 
than 10,000 mg-kg'1 within one week after HEDTA application. This chelate-assisted accumulation of 
toxic quantities of metal in a non-accumulator species is termed “chelate-induced hyperaccumulation” 
(Huang et al., 1997a). These researchers explained that when chelate-induced hyperaccumulation is the 
goal, metals on site are initially immobilized to allow for rapid establishment and growth of an agronomic 
crop such as com. When the crop accumulates sufficient biomass, chelating materials are applied to the 
soil to result in the liberation of large quantities of metal into the soil solution. Massive amounts of metal 
are absorbed by plant roots and are translocated to the shoot tissue w here they accumulate to toxic levels. 
After death, plants are harvested and removed from the site. Chelate-induced hyperaccumulation is in 
contrast to the normal practice of phytoextraction w here plants are given a gradual exposure to non-toxic 
quantities of metal in solution, and accumulation occurs gradually over time as the plants grow. The 
controversy surrounding the use of chelates deals with the fate of the residual chelate in the soil after 
metal absorption occurs (Brooks, 1998a). The massive liberation of chelate-bound metals into the soil 
solution makes them subject to leaching into deeper soil layers. Metals which migrate downward beyond 
the root zone of plants cannot be recovered through means of phytoremediation and may require the use of 
more expensive conventional remediation methods. The primary concern is that the liberated metals have 
the ability to migrate into uncontaminated areas, possibly groundwater reservoirs (Cunningham et al., 
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1997). The scientific literature lacks appreciable information concerning the appropriate amount of 
chelate to apply under different levels of contamination and for different plant species. Further research is 
required to determine the fate of the chelate-metal complex in soil before the use of these amendments are 
accepted widely for use in phytoextraction. 
Some positively charged metals and radionuclides may be bound to the soil CEC by weak 
electrostatic forces and may be displaced by other cations in the soil solution (Sparks, 1995). High-valence 
cations with a low degree of hydration are preferentially adsorbed to the cation-exchange sites than 
cations with low valence and a high degree of hydration (hierarchy is shown in the lyotrophic series). 
Lyotrophic Series: 
Al3+>Pb2*>Sr2">Ca2+>Ni2">Cd2">Cu2+>Co2">Zn2+>Mg2'>Ag*>Cs+>Rb+>K+>NH4+>Na+ 
Because the binding preference is also concentration dependent, it is possible for a cation lower in the 
binding hierarchy to displace others that are adsorbed more strongly to the exchange sites (Sparks, 1995). 
Lasat et al. (1997) indicated that the application of NH4 (as NH4N03) or K (as KN03) increases Cs 
desorption from soil and increased its accumulation in the tissue of cabbage (Brassica oleracea L.), tepary 
bean (Phaseolus acutifolius A. Gray.), and Indian mustard (B. juncea). These authors reported that the 
desorption of Cs is concentration-dependent, increasing with NH4 and K concentrations up to 0.2 molar. 
Similarly, Dushenkov et al. (1999) find that NH4-containing salts are the most practical in liberating soil- 
bound Cs in terms of efficiency and cost. The application of this phytoextraction method in the field has 
not been successful in recent experiments. Lasat et al. (1998) report that the addition of NH4N03 to a Cs- 
contaminated soil does not significantly increase in the level of Cs in the shoots of plants being tested. It is 
speculated that the free Cs quickly migrated out of the root zone, resulting in decreased accumulation of 
Cs in plant tissues. It is also possible that the applied NH4 was rapidly converted into N03 through the 
process of nitrification (Marschner, 1995), resulting in less dissolution of Cs from the soil. The use of 
fertilizer salts to increase the bioavailability of contaminants for plant extraction may be a promising 
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phytoextraction technique, but further research is required to demonstrate its effectiveness under field 
conditions. Future research that addresses the use of NH4-containing fertilizers should incorporate the use 
of a nitrification inhibitor, such as nitrapyrin (2-chloro-6(trichloromethyl) pyridine), to eliminate 
nitrification as a source of experimental error. 
2.4.2. Proper Plant Selection 
As a plant-based technology, the success of phytoextraction is inherently dependent upon proper 
plant selection. As previously discussed, plants used for phytoextraction must be fast growing and have 
the ability to accumulate large quantities of environmentally important metal contaminants in their shoot 
tissue (Blaylock et al., 1997; Cunningham and Ow, 1996; Kumar et al., 1995; McGrath, 1998). Many 
plant species have been screened to determine their usefulness for phytoextraction. Researchers initially 
envisioned using hyperaccumulators to clean metal polluted soils (Chaney, 1983). At present, there are 
nearly 400 known hyperaccumulators (Salt and Kramer, 2000), but most are not appropriate for 
phytoextraction because of their slow growth and small size. Several researchers have screened fast¬ 
growing, high-biomass-accumulating plants, including agronomic crops, for their ability to tolerate and 
accumulate metals in their shoots (Banuelos et al., 1997; Blaylock et al., 1997; Dushenkov et al., 1995; 
Ebbs et al., 1997; Ebbs and Kochian, 1997, 1998; Huang et al., 1997a; 1997b; Kumar et al., 1995; Lasat 
et al., 1997; 1998; Salt et al., 1995b). Many metal-tolerant plant species, particularly grasses, escape 
toxicity through an exclusion mechanism and are therefore better suited for phytostabilization than 
phytoextraction (Baker, 1981; Ebbs et al., 1997). However, barley (Hordeum vulgare L.) and oat (Avena 
sativa L.) are tolerant of metals such as Cu, Cd, and Zn, and accumulate moderate to high amounts of 
these metals in their tissues (Ebbs and Kochian., 1998). Many herbaceous species, including members of 
the Brassicaceae, also accumulate moderate amounts of various metals in their shoots. A list of promising 
plant species for phytoextraction of metals and radionuclides is given (Table 2.4). One of the most 
promising, and perhaps most studied, non-hyperaccumulator plant for the extraction of heavy metals from 
contaminated sites is Indian Mustard (B. juncea). 
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Many hyperaccumulators belong to the Brassica family. Once it was suspected that known 
hyperaccumulators were not suited for phytoextraction, researchers looked to other high biomass- 
accumulating members of the Brassicaceae for plants which accumulated large quantities of toxic metals 
(Dushenkov et al., 1995; Kumar et al., 1995). Kumar et al. (1995) tested many fast growing Brassicas for 
their ability to tolerate and accumulate metals, including Indian mustard (B. juncea), black mustard 
(Brassica nigra Koch), turnip (Brassica campestris L.), rape {Brassica napus L.), and kale {Brassica 
oleracea L). Although all Brassicas accumulated metal, B. juncea showed a strong ability to accumulate 
and translocate Cu, Cr VI, Cd, Ni, Pb, and Zn to the shoots. Kumar et al. (1995) also investigated possible 
genetic variation of different B. juncea accessions in hope of finding some that had more phytoextraction 
potential than others. 
The term, accession, refers to seeds that have been gathered from a particular area and are now 
part of a collection at a seed bank or plant-introduction station (personal communication; Rick Luhman, 
curator of Brassicas for the USDA-ARS Plant Introduction Station at Iowa State University). Once in the 
collection, seeds are assigned a number that identifies the particular accession. Although all Indian 
mustard accessions are B. juncea Czem., they may exhibit different phenotypes as a result of being from 
different regions where environmental factors may have influenced the natural selection of this species. 
Kumar et al. (1995) determined that accessions 426308, 211000, 426314, and 182921 are among the best 
suited for phvtoextraction. Several researchers have confirmed the phytoremediation potential of these and 
other B. juncea accessions (Blaylock et al., 1997; Dushenkov et al., 1995; Ebbs and Kochian, 1998; Salt et 
al., 1995b). The USDA-ARS Plant Introduction Station of Iowa State now maintains, and distributes, 
metal-accumulating accessions which are considered useful for phytoremediation. 
Indian mustard is an oilseed Brassica crop for which cultivation extends from India through 
western Egypt and Central Asia to Europe (Nishi, 1980). According to Prakash (1980), the oldest 
reference to B. juncea in Sanskrit literature is by the name ‘Rajika\ and carbonized seeds of this species 
have been found in the ancient sites of the Harappan civilization (2300-1750 B.C.). Despite the efforts of 
historians and researchers, the precise origin of this crop remains an enigma. Perhaps the most likely 
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place or places of origin are those regions where its parents, B. nigra and B. campestris, overlap in their 
distribution. Possible centers of origin include Africa (Zeven and Zhukovsky, 1975), China (Chen et al., 
1995), the Middle East, Southwest Asia, and India (Sauer, 1993). Indian mustard is eaten as a leafy 
vegetable in China but is grown in India primarily for its oil-containing seeds (~ 40% oil; Prakash, 1980), 
which serve as a source of cooking oil and spice (Nishi, 1980; Krzymanski, 1997). Indian mustard is 
capable of producing 18 tons of biomass per hectare per crop (Kumar et al., 1995). Plants perform very 
well in nutrient solution culture, progressing from the four-leaf stage to fully grown plants (up to 50 g 
shoot fresh mass) in as little as 21 days (personal observations). Although short-day conditions (<12 hrs 
light) result in a more compact growth habit (personal observations), shorter height, and limited leaf 
production (Bhaskar and Vora, 1994), biomass accumulation is greater than under long-day conditions (9- 
10 hrs light optimal; Neelam et al., 1994). Long-day conditions promote early flowering (Bhaskar and 
Vora, 1994) but are not required for flower development. These plants have indeterminate growth and 
continue to branch from the nodes and to accumulate biomass after flower and siliquae (seed pod) 
development. The recommended fertility rate for maximum growth of B. juncea under un-contaminated 
conditions is 75 tol20 kg N ha1 and 30 to 50 kg P205 per hectare (Guijar and Chauhan, 1997; Thakral et 
al., 1995; Tomar et al., 1997). Zaurov et al. (1999) reported that biomass accumulation of B. juncea was 
greatest when plants in soil are supplied with 200 kg N, 100 kg P205, and 66 kg K20 per hectare. 
However, Cd concentration in the tissue was greatest when no N was supplied. 
Indian mustard is given considerable attention by present day researchers, geneticists, and plant 
breeders in particular, because of its unique polyploid genome. Brassica juncea is an allotetraploid, a 
plant with a genome composed of the complete diploid genomes of both parents, B. nigra and B. 
campestris. In modem breeding programs, selection of B. juncea is based on a wide variety of characters. 
Improving oil and meal quality by eliminating nutritionally undesirable erucic acid or by modifying the 
fatty-acid composition of oil is an important objective for some plant breeders (Banga, 1997). Other 
selections are based on insect (diamondback moth, Plutella xylostella (L.); Andrahennadi and Gillott, 
1998) and disease resistance (blackleg, Leptosphaeria maculans (Desm.) Ces.; Pang and Halloran, 1996) 
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and various temperature adaptations (Banga, 1997). Only recently has there been an interest in selecting 
Indian mustard lines based on their ability to tolerate and accumulate heavy metals. Several accessions of 
B. jurxcea have been identified as moderate accumulators of metallic elements and are maintained by the 
USDA-ARS Plant Introduction Station at Iowa State University, Ames, Iowa. The benefit of using B. 
juncea seed from the plant introduction station is that the genetic integrity of the accessions is preserved 
through appropriate breeding techniques. Experiments that utilize these seeds have more precision than 
those conducted with seeds from commercially available sources. Precision is also greater, because future 
researchers can obtain the same accessions for their experiments. The USDA-ARS Plant Introduction 
Station maintains a world-wide collection of B. juncea accessions that are known metal-accumulators, and 
the seeds are distributed to public and private research institutions at no cost. 
2.4.3. Specialized Agricultural Practices 
Part of the enthusiasm for using common agronomic crops for phytoextraction is because their 
cultivation and growth requirements are well established. However, plant growth will surely differ under 
contaminated conditions (Blaylock et al., 1997), and established agronomic practices may not elicit the 
same plant response as under non-contaminated conditions. Much is known about the response of plants 
to high levels of metallic elements in a root medium (Adriano et al., 1971; Horst and Marschner, 1978; 
Marschner, 1995; Mengel and Kirkby, 1987; Ulrich, 1976), but most relevant agronomic research aims to 
decrease plant exposure to these elements. Some agronomists, and all phytoremediation researchers, are 
interested in promoting plant growth, but those involved with phytoextraction aim to do this while 
encouraging the accumulation of large quantities of metals within the plant. The goals of traditional 
agronomy and phytoremediation differ in some areas, and as such, it is necessary to evaluate the 
suitability of agronomic practices for phytoextraction. By optimizing practices such as irrigation, fertility, 
planting, and harvest time, it is thought that the efficiency of phytoextraction can be increased (Salt et al., 
1995a). The need for specialized agronomic practices is agreed upon by phytoremediation researchers 
(Brown et al., 1994; Cunningham et al., 1995; Cunningham and Ow, 1996; Ebbs et al., 1997; Huang et 
al., 1997a; Kumar et al., 1995; Salt et al., 1995a; Schwartz and Morel, 1998), yet few research efforts 
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have addressed this issue directly. This area of phytoremediation offers the greatest opportunity for 
original research, particularly in the area of plant nutrition and soil fertility. 
Fertilizers are used commonly in agriculture to promote plant health and to increase yield, but 
the benefits and limitations of fertilization with respect to phytoremediation are not clear. Different forms 
of the same nutrient, such as NH4 and N03, elicit very different responses in plant growth and element 
absorption by roots and may dramatically affect the chemical nature of the rhizosphere (Barker and Mills, 
1980; Trelease and Trelease, 1935). It is important to understand how the concentration and type of 
nutrients applied influence the phytoextraction process so that effective fertility-management strategies 
can be established. The identification of nutritional disorders for B. juncea and other plants used for 
phytoextraction will lend insight into which nutrient elements need to be supplied in phytoextraction 
fertility regimes. It is not known, however, whether or not additions of deficient elements will promote 
plant growth at the expense of metal accumulation. Plants used for phytoextraction, such as B. juncea, 
may develop nutritional disorders when subjected to elevated levels of metal contaminants, such as Zn, in 
the root medium (Ebbs and Kochian, 1997), and future research should investigate these and other factors 
which may limit plant growth. Successful phytoextraction is dependent on the accumulation of plant 
biomass and on the accumulation of metal within the tissue (Blaylock et al., 1997; Cunningham and Ow, 
1996; Kumar et al., 1995; McGrath, 1998). The over application of a deficient element can suppress the 
absorption of the target element. Proper plant nutrition has the potential to be an effective, low-cost 
agronomic practice for enhancing the phytoextraction of heavy metals by plants, but more research is 
required before fertilizers can be used effectively for this purpose. 
2.5. Zinc 
2.5.1 General Information 
Zinc is an important element not only because it is essential for animals and plants (Brown et al., 
1993; Welch, 1993), but because it has a wide range of industrial uses (Cammarota, 1980). Zinc occurs 
naturally in many minerals as sulfides, sulfates, oxides, carbonates, phosphates, and silicates (Barak and 
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Helmke, 1993) with the principal ore being sphalerite, a zinc sulfate (Cammarota, 1980). Zinc metal has 
many uses including galvanizing of metal surfaces, production of zinc-based alloys such as bronze and 
brass, and the production of zinc chemicals which are used extensively in manufacturing (Cammarota, 
1980). Despite its importance in our everyday lives, Zn is the heavy metal occurring in the greatest 
concentrations in the majority of wastes arising in modem, industrialized communities (Boardman and 
McGuire, 1990). According to Lambert et al. (1997), the soil is a major sink for Zn, and nearly all 
contamination of surface soils by Zn is a result of human activity (Chaney, 1993). Anthropogenic sources 
of contamination arise from activities such as mining and smelting, electroplating and galvanizing, 
application of industrial and municipal sludges to land, excessive use of Zn-containing agricultural 
chemicals, and other industrial activities (Blaylock and Huang, 2000; Chaney, 1993; Lambert et al., 
1997). The United States was once a major contributor of Zn to the world market, but there has been a 
marked reduction in smelting activities since 1975, the year that the Environmental Protection Agency 
(EPA) subjected mining and smelting operations to stringent environmental regulations (Cammarota, 
1980). 
2.5.2 Zinc in Soils 
Zinc concentrations in non-contaminated soils ranges from 10 to 300 mg Zn kg'1 (dry weight) 
with concentrations in the soil solution ranging from 2 to 70 /ug Zn L'1 (Tisdale et al., 1993). The upper 
regulatory limits for soil Zn in the commonwealth of Massachusetts in the United States is 2,500 mg Zn 
kg'1 for high exposure areas and 5,000 mg Zn kg'1 for low exposure areas (MADEP, 1993). Contaminated 
soils near a Zn smelter site in the state of Pennsylvania have Zn concentrations of approximately 15,500 
mg Zn kg'1 (dry weight; Li et al., 2000), and some naturally metalliferous soils may contain 14,000 to 
45,000 mg Zn kg'1 (Reeves and Baker, 2000). 
The major soil components that react with and sorb Zn in soil are given in Table 2.5. Zinc can be 
held to soil component through a variety of mechanisms including cation exchange, specific adsorption 
(chemisorption), and chelation (Barrow, 1993; McBride, 1994; Shuman, 1980). In general, Zn is more 
available in the soil solution for plant uptake under acidic conditions than under alkaline conditions 
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(Peech, 1941). According to McBride (1994), the reasons for the increased availability at low pH relate to 
the influence of the H+ concentration on the various mechanisms of sorption. Under acidic conditions, the 
functional groups responsible for specific adsorption may become protonated and create a net positive 
charge on sesquioxides, amorphous clays, and organic matter, resulting in the release of Zn2+ into the soil 
solution. Hydrogen also has the ability to displace other cations such as Zn2+ from the cation exchange 
complex. Chelation of Zn2+ by organic matter is also influenced by soil acidity through its effect on the 
number of ligands involved in chelation. Monodentate bonds between Zn and the chelating ligands are 
weak compared with multidentate bonds. Under acidic conditions, the monodentate bonds are more 
prevalent, and Zn2+ can be more easily displaced from these chelate complexes through exchange 
processes. It is well understood that plants influence soil pH under non-contaminated conditions, 
particularly in the immediate vicinity of the roots (Marschner, 1995). However, is it not understood how 
the pH of the root medium is affected by plants that are subjected to Zn contamination under various 
fertility regimes. This information may help future researchers to anticipate changes in Zn availability in 
soil, and may lead to more specialized management practices which improve the ability of plants to 
extract Zn for phytoextraction. 
2.5.3. Zinc in Plants 
Zinc was determined as an essential element for plant growth in 1926 by Sommer and Lipman 
(Sommer and Lipman, 1926). This element is primarily taken up as Zn2+ but may be taken up as ZnOH+ 
(Marschner, 1995). In plants, the function of Zn resembles that of Mn and Mg in that it brings about the 
binding conformation between enzyme and substrate (Mengel and Kirkby, 1987). The metabolic functions 
of Zn are based on its tendency to form tetrahedral complexes with N-, 0-, and particularly S-ligands, and 
it thereby plays functional (catalytic) and structural roles in enzymatic reactions (Brown et al. 1993; 
Vallee and Auld, 1990). Zinc plays a functional role in carbonic anhydrase, which catalyzes the 
conversion of C02 to HCO (Hatch and Burnell, 1990). The activity of 1, 5-ribulose-bisphosphate 
carboxylase is also controlled by Zn, an enzyme which catalyzes the initial step of photosynthetic C02 
fixation in plants (Jyung et al., 1972). Copper and Zn have roles in maintaining the integrity of 
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biomembranes, because they are structural sites components of superoxide dismutase, an enzyme that 
protects plants from damaging superoxide (02-‘) radicals (Brown et al., 1993). 
The role of Zn in protein synthesis is linked to its involvement in maintaining the structural 
integrity of ribosomes, RNA, and DNA. Zinc is also a component of proteins w hich are involved in the 
processes of translation and replication (Giedroc et al., 1986; Hanas et al., 1983). 
The synthesis of indole acetic acid (IAA; auxin) is also dependent on Zn, but the specific role of 
this element is not agreed upon by researchers. Tryptophan is the precursor for IAA synthesis, and Zn is 
considered essential for the synthesis of this amino acid (Tsui, 1948). Others believe that auxin synthesis 
is influenced by Zn through its role in the biosynthesis of IAA from tryptophan, not because it is essential 
for tryptophan synthesis (Salami and Kenefick, 1970). The role of Zn in auxin biosynthesis may account 
for the suppressed root growth observed among plants with Zn toxicity (Mengel and Kirkbv, 1987). 
According to Marschner (1995), most plants are deficient w hen Zn levels in the diy mass are 
between 15 and 30 mg kg'1 or less, and toxicity appears in the range of 100 to 300 mg Zn kg'1 or higher. 
Forage plants growing in a Zn contaminated soil near a pipe galvanizing factory w ere determined to have 
Zn concentrations between 3000 and 7300 mg Zn kg'1 (Eisler, 1993), and hyperaccumulating plants, such 
as Thlaspi caerulescens L., have been shown to accumulate nearly 44,000 mg Zn kg'1 (dry mass) in their 
shoots (Reeves and Baker, 2000). Zinc toxicity often leads to leaf chlorosis, which may represent an 
induced deficiency of another essential element (Marschner, 1995). Because of the similar ionic radius of 
fourfold coordinated Zn2" (74 pm), Cu2+ (71 pm) Fe2+ (77 pm) and Mg2" (71 pm), these elements are 
competitive for absorption by roots, and w'hen available in excess each may induce a deficiency of another 
(Adriano et al., 1971; Barak and Helmke, 1993; Loneragan and Webb, 1993; Marschner, 1995). Recent 
evidence also suggests that excessive Zn can reduce the activity of nitrate reductase (Luna et al., 2000) 
and may therefore impair the ability of plants to use N03. 
The accumulation and partitioning of Zn in the plant is highly dependent on the supply in the 
root medium (Longnecker and Robson, 1993). When Zn supply is adequate to toxic, a large portion is 
bound to the surface of cell walls in the root cortex (up to 90%; Mengel and Kirkbv, 1987; Sieghardt, 
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1990; Turner, 1970). However, the amount of total Zn in the roots may be a function of the duration of 
exposure. There is evidence that the binding sites in roots for some metals, such as Pb, must become 
saturated before they are translocated to the shoot tissue (Dushenkov et al., 1995; Kumar et al., 1995). 
Zinc is also bound to vascular tissue in roots and stems (Longnecker and Robson, 1993; Riceman and 
Jones, 1958), with the majority of Zn being found where vascular tissue traces off the central stele at the 
nodes or in regions of the root system where lateral roots are present (Singh and Steenberg, 1974). Under 
adequate supply, the Zn absorbed by roots is rapidly transported to the shoots (Riceman and Jones, 1958). 
Movement in the plant is not necessarily via passive transport in the transpirational stream, as there is 
evidence that accumulation occurs in parts of the plant were transpiration is minimal, not where the 
greatest transpiration is occurring (Obata and Kitagishi, 1980). There is little remobilization of Zn 
throughout the plant, particularly when present at deficient or adequate levels (Longnecker and Robson, 
1993). When the supply of Zn to Trifolium subterraneum is low to adequate (0 to 0.13 mg • kg'1 soil) the 
concentration in the younger leaves is usually higher than that of older leaves. However, when supply is 
high (0.53 to 2.13 mg • kg'1 soil), Zn accumulates in older leaves of plants, and the concentration in older 
leaves is much higher than that in new growth (Longnecker and Robson, 1993; Reuter et al., 1982; Ruano 
et al., 1987). 
2.5.4. Toxic effects of Zn on man and other animals, fish, and invertebrates 
Zinc toxicity in humans, livestock, or wildlife can occur from inhalation, ingestion, or direct 
contact (aquatic wildlife) of elemental Zn or its compounds (Barceloux, 1999; Eisler, 1993). Inhalation of 
vapors from Zn oxide is a factor responsible for "metal fiime fever" syndrome in humans — a condition 
that causes a variety of temporary symptoms of a mild nature including fatigue, fever, chills, cough, thirst, 
and metallic taste (McCord et al., 1926). Acute toxicity of ingested Zn is rare in mammals and is usually 
the result of food poisoning from contaminated substrates or from the ingestion of objects or substances 
having a high concentration of Zn (Broun et al., 1990). Copper deficiency, Fe deficiency anemia, 
neutropenia (low level of certain white blood cells), and deficient immune function have occurred with 
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increased Zn intake (Fosmire, 1990). However, neither the International Agency for Research on Cancer 
nor the United States National Toxicology Program lists Zn or Zn compounds as suspected carcinogens 
(Barceloux, 1999). 
According to Eisler (1993), oral Zn exposure can have drastic effects on the survival, 
metabolism, and well-being of livestock and often produces a variety of neurological, hematological, and 
immunological effects. Calves and young female cattle that were fed roughage (Zn concentration. 3000 to 
7300 mg Zn kg'1) harvested in the vicinity of a galvanizing factory showed signs of chronic Zn exposure 
including reduced appetite, emaciation, diarrhea, and moderate anemia. High Zn concentrations in soils 
are responsible for reductions in populations of soil invertebrates (Beyer, 1990), and soil Zn 
concentrations >1600 mg kg'1 are associated with reduced natural populations of decomposer organisms in 
contaminated forest litter (Beyer and Anderson, 1985). Adverse effects of Zn on earthworm (Aporrectodea 
tuberculata E.) survival has been documented at Zn levels in soils from 470 to 662 mg kg'1 (Eisler, 1993). 
Zinc can also be toxic to aquatic wildlife, with concentrations in the range of 50 to 235 /ug Zn L'1 being 
lethal for most fish species (Eisler, 1993). Zinc toxicity in fish is caused by blockage of gas exchange 
across the gills leading to hypoxia (lack of oxygen) at the tissue level (Bengeri and Patil, 1986). 
In mammals, Zn and Cu compete for absorption by the small intestine (Broun et al., 1990). An 
elevated Zn load can lead to Cu deficiency, which may cause a decreased production of red blood cells 
(anemia) and a depression of production of specific white blood cells, which are required for protection 
from infections (Broun et al., 1990). According to Barceloux (1999), Zn induces the production of 
metallothionein, a metal-binding protein. This protein binds to Zn in the mucosal cells covering the 
gastrointestinal tract. By excretion of the metallothionein-Zn complex during the sloughing of these cells, 
metallothionein helps prevent the absorption of Zn (Richards and Cousins, 1975). When ingested in toxic 
amounts (> 4.3 mg kg (body mass)'1 day'1), Zn interferes with copper absorption, probably by the 
induction of metallothionein, which has a higher affinity for Cu than for Zn. Consequently, Cu is bound to 
metallothionein and excreted into the feces (Klevay, 1975). Zinc compounds can produce irritation and 
corrosion of the gastrointestinal tract (Barceloux, 1999). Following the ingestion of toxic levels of Zn 
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compounds, vomiting almost universally occurs with abdominal pain and diarrhea. Hematemesis (the 
vomiting of blood) may develop in severe cases, particularly with corrosive compounds, like Zn chloride 
(Barceloux, 1999). Treatment of Zn toxicity may involve chelation therapy, with Ca-EDTA (calcium 
ethylenediaminetetraacetate) being the chelator of choice (Barceloux, 1999). 
The minimum risk of Zn concentration for oral exposure for humans is 0.3 mg Zn kg1 
day'1 (Yadrick et al., 1989), and in most cases, acute Zn toxicity occurs only if intake is above 4.3 mg kg'1 
day'1 (Chandra, 1984; Shah et al., 1988). An adult of 80 kg would need to ingest approximately 10 g of 
Zn-contaminated soil (2500 mg Zn kg'1 soil; dry weight) per day to exceed the allowed daily maximum 
ingestion. The chance of humans ingesting this amount of zinc from contaminated soils or foods is low. 
However, grazing livestock may be susceptible to adverse health effects due to ingested Zn, particularly if 
forages contain high concentrations of Zn or if dust from Zn contaminated soil is present on ingested 
leaves. Zinc phytoextraction could be used to reduce Zn toxicity or adverse health effects to mammals, 
fish, or invertebrate by gradually lowering the Zn concentrations of contaminated soils. In addition to 
removing Zn from soil, plants grown for phytoextraction will give groundcover and improve the 
appearance of otherwise barren sites and will help prevent erosion, thereby reducing the risk of 
contaminant migration to other areas including aqueous environments. 
2.6. Summary of Literature Review 
The pollution of soil and water with heavy metals is an environmental concern today. Metals and 
other inorganic contaminants are among the most prevalent forms of contamination found at waste sites, 
and their remediation in soils and sediments are among the most technically difficult. The projected cost 
for remediation of areas containing mixtures of heavy metals and organic pollutants by conventional 
means is $35.4 billion over the next five years. The high cost of existing cleanup technologies led to the 
search for new cleanup technologies that have the potential to be low-cost, low-impact, visually benign, 
and environmentally sound. Phytoremediation is a new cleanup concept that involves the use of plants to 
clean or stabilize contaminated environments. The most studied phytoremediation technology is 
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phytoextraction, a plant-based cleanup method involving the use of metal-accumulating plants to extract 
metal contaminants from soil. Once metals have been sequestered in the tissues, the above-ground 
portions of the plant can be harvested resulting in the permanent removal of metals from the site. 
Phytoextraction is not the answer to all environmental problems, but rather is another tool to be used in 
conjunction with existing remediation technologies. However, in areas that have been contaminated with 
low to moderate levels of heavy metals at shallow depth, phytoextraction has some advantages over 
conventional cleanup methods, the primary one being low cost. 
Over the past decade, researchers have sought to perfect this remediation technology. The 
majority of phytoextraction research has focused on finding the ideal metal-accumulating plant and the 
means by which metals can be liberated from the soil for root uptake. At present, Indian mustard (.B. 
juncea) is among the most viable candidates for the phytoextraction of a number of metals including Cd, 
Cr(IV), 137Cs, Cu, Ni, Pb, U, and Zn. Only a fraction of the phytoremediation research addresses the use of 
B. juncea for the phytoextraction of Zn even though this element is one of the most prevalent heavy 
metals at contaminated sites. Zinc is among the least toxic of all metal contaminants to humans, and this 
may be the reason why other metals have been given priority in phytoremediation research efforts in the 
past. Few studies have focused on the development of specialized agricultural practices for 
phytoextraction, although most researchers agree that this is an area that warrants further attention. 
Mineral nutrition profoundly influences the growth of plants and the absorption of nutrients by plant 
roots, two areas with which phytoextraction is greatly concerned. With the exception of Zaurov et al. 
(1999), all plant nutrition information for B. juncea with regards to phytoremediation has been anecdotal 
(Ebbs et al., 1997; Ebbs and Kochian, 1997, 1998; Kumar et al., 1995). Proper plant nutrition has the 
potential to be an effective, low-cost agronomic practice for enhancing the phytoextraction of heavy metals 
by plants, but more research is required before fertilizers can be used effectively for this purpose. 
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Table 2.2. Costs associated with various types of remediation methods. 
Type of Medium Remediation Method 
Range of remediation cost (in dollars) 
soil = per cubic meter 
water = per 1000 gallons cleaned 
Soil In Situ Vitrification!, ! 360 1,370 
bulk density=1.3 Soil Incineration! 200 1,500 
Excavation and Landfill J, §, % # 140 720 
Soil Washing!, !, Tt, IT 80 860 
Soil Flushing!, t 50 270 
Solidification and Stabilization! 40 200 
Electrokinetic Systems!, J 30 290 
Bioremediation! 10 310 
Phytoremediation of SoilJ, §, % tt <1 150 
Water Activated Carbon! 120 210 
Biosorption! 9 3,400 
Reverse Osmosis! 3 3 
Adsorption! 1 20 
Membrane separation-filtration! 1 6 
Rhizofiltration|, ^ <1 6 
Ion Exchange! <1 2 
Chemical Precipitation! <1 2 
t Woods, 1997 1 Ensley, 2000 
$ Glass, 2000 tt Dennis et al., 1994 
§ Salt et al., 1995a tt Black, 1995 
Cunningham et al., 1997 
Note: Reported costs are estimates from available data. All soils were assigned a bulk density of 1.3 for the 
purposes of comparison. 
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Table 2.3. Massachusetts DEP standards for various inorganic contaminants in soil. 
Concentration Limit (ppm) for Contaminants in Soilf 
Contaminant High Exposure Potential! Low Exposure Potential 
Arsenic 30 30 
Cadmium 30 80 
Chromium III 1000 5,000 
Chromium VI 200 1,000 
Cyanide 100 400 
Fluorine 400 5000 
Lead 30 600 
Mercury 20 60 
Nickel 300 700 
Selenium 400 2,500 
Zinc 2,500 5,000 
t All concentrations in soil are presented on a dry weight basis. 
X High exposure=S-1 (Method 1); Low exposure=S-3 (Method-1); Exposure level is determined by the 
frequency of visitation, the intensity of site activities, the accessibility of the contamination, and the age of 
those potentially at risk for exposure. See reference for further details. 
(MADEP) Massachusetts Department of Environmental Protection Publication. 1993. 310 CMR 40.0000: 
Massachusetts Contingency Plan (MCP). 
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Table 2.4. Promising plants for the phytoextraction of various metals and radionuclides. 
Metal or 
Radionuclide 
Plant Species (reference indicated by typographical symbols) 
Cd Brassica juncea (L.) Czemt 
Cr (VI) Brassica juncea (L.) Czemt 
137 Cs Amaranthus retro/lexus L.J; Brassica juncea (L.) Czem. J, §; Brassica oleracea 
L.§; Phalaris arundinacea L.§; Phaseolus acutifolius 
A. Gray. X, § 
Cu Brassica juncea (L.) Czemt 
Ni Brassica juncea (L.) Czemt 
Pb Brassica campetris L.t; Brassica carinata A. Br.t; Brassica juncea (L.) 
Czem.t, c, #, tt; Brassica napus L.t; Brassica nigra (L.) Koch.t; Ilelianthus 
annuusLA', Pisum sativum L.XX, ZeamaysL.XX 
Se Brassica napus L.§§; Festuca arundianacea Schreb.§§; Hibiscus cannabinus 
L-§§ 
U Brassica chinensis L.rc; Brassica juncea (L.) Czem "; Brassica narinosa L.rr 
Zn Avena sativa ##; Brassica juncea (L.) Czem.t, tt, ##, ttt; Brassica napus 
L.ttt; Brassica rapa L.ttt; Hordeum vulgareH# 
t Kumar et al., 1995 
X Lasat et al., 1998 
§ Lasat et al., 1997 
r Begonia et al., 1998 
# Blaylock et al., 1997 
tt Salt et al., 1995b 
XX Huang et al., 1997a 
§§ Banuelos et al., 1997 
rr Huang et al., 1998 
## Ebbs and Kochian, 1998 
ttt Ebbs and Kochian, 1997 
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CHAPTER 3 
PHYTOEXTRACTION POTENTIAL OF INDIAN MUSTARD AS INFLUENCED BY A RANGE 
OF ZINC CONCENTRATIONS IN SOLUTION CULTURE 
3.1. Abstract 
Zinc is the heavy metal occurring in the greatest concentrations in the majority of wastes arising 
in modem, industrialized communities and is one of the most common metals found at metal-polluted 
sites. Phytoextraction is a plant-based remediation technology aimed at the removal of metals from 
contaminated sites through the use of metal-accumulating plants. Although Indian mustard (Brassica 
juncea Czem.) has been identified as a moderate accumulator of Zn, little is known about the Zn- 
phytoextraction potential of this plant at different levels of Zn exposure. Our objectives were to determine 
how the level of Zn exposure influences plant growth, accumulation of Zn in plant tissues, and 
development of nutrient deficiencies for different metal-accumulating accessions of B. juncea. In the 
experiment, three B. juncea accessions (426308, 182921, and 211000) were supplied with 12 levels of Zn 
(0.0 to 7.0 mg L1) in a solution-culture experiment. Three weeks after the initiation of treatments, plants 
were harvested, and the dry mass and nutrient concentration of plant parts were determined. Brassica 
juncea accessions did not differ in ability to concentrate Zn in shoots, but accession 426308 exhibited a 
greater capacity for diy mass accumulation than other accessions. Although differences in dry mass 
among accessions became increasingly less as the concentration of Zn in solution increased, accession 
426308 exhibited the greatest Zn accumulating ability. Elevating the supply of Zn in solutions had a 
limited effect on increasing the total Zn in shoots, primarily because increasing concentrations of Zn in 
plant tissues were accompanied by a suppression of plant growth. Plants suffered Zn-induced Fe 
deficiency if the supply of Zn in solution exceeded 2.0 mg Zn L'1, a condition that undoubtably affected 
plant growth. Although Zn tolerant, the Zn phytoextraction potential of B. juncea may be limited by 
suppressed growth and nutrient disorders related to high levels of Zn in the root medium. 
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3.2. Introduction 
Metals are among the most prevalent forms of contamination found at waste sites in the United 
States, and their remediation is among the most technically difficult (Cunningham et al., 1997). The cost 
of cleaning metal polluted sites in the United States is estimated currently to be $7,100 million (Ensley, 
2000), a burden that has led to the search for other cleanup technologies that are low cost and 
environmentally benign (Cunningham and Ow, 1996). Phytoextraction is plant-based remediation 
technology aimed at the removal of metals from contaminated sites through the use of metal-accumulating 
plants (Kumar et al., 1995). The goal is for plants to absorb and sequester large quantities of metals in 
their shoots, which can then be harvested, resulting in the removal of targeted metals from the site. The 
overall potential of plants to remove metals in their shoots is determined by their ability to rapidly produce 
abundant shoot mass with high concentrations of the targeted metal (Blaylock et al., 1997; Cunningham 
and Ow, 1996). Several accessions of B. juncea exhibit favorable traits for phytoextraction, including their 
ability to accumulate metals such as Cd, Cu, Cr, Ni, Pb, and Zn (Blaylock et al., 1997; Dushenkov et al., 
1995; Ebbs and Kochian, 1998; Kumar et al., 1995; Salt et al., 1995a). 
Zinc is the heavy metal occurring in the greatest concentrations in the majority of wastes arising 
in modern, industrialized communities (Boardman and McGuire, 1990), and is among the most common 
metals contaminating metal-polluted sites. The Zn phytoextraction potential of B. juncea is influenced by 
many plant factors including plant growth, the accumulation of Zn within plant tissues, and the 
interaction of Zn with other elements. Each of these factors is affected by the concentration of Zn in the 
root medium; however, the response of B. juncea to different levels of Zn contamination has not been 
investigated thoroughly. Zinc in excess of plant needs often induces deficiencies of other essential 
elements (Marschner, 1995), and deficiencies of Fe and Mn for B. juncea have been reported (Ebbs and 
Kochian, 1997). Nutrient deficiencies can limit the total Zn content of shoots by suppressing growth; 
therefore, the relationship between the level of Zn contamination and the development of Zn-induced 
deficiencies needs to be addressed. 
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The primary objectives of this study were to determine the effects of Zn on plant growth, the 
accumulation of Zn in plant tissues, and the development of nutrient deficiencies for different metal- 
accumulating accessions of B. juncea. Once these relationships have been elucidated, the relative Zn 
tolerance and Zn phytoextraction potential of the plant can be assessed. This information will help future 
researchers assess limitations to plant growth under Zn-contaminated conditions and will lend further 
understanding of the extent to which B. juncea can remove Zn from polluted sites. Results may suggest 
that B. juncea accessions differ in their inherent tolerance to Zn, or in their capacities for growth and Zn 
accumulation, allowing for the selection of the most efficient B. juncea accessions for remediation efforts. 
3.3. Materials and Methods 
Seed of three Indian mustard (.Brassica juncea Czern.) accessions (426308, 182921, and 211000) 
were obtained from the USDA-ARS North Central Region Plant Introduction Station at Iowa State 
University, Ames, Iowa, USA. These accessions are effective at accumulating metals such as Pb and Zn in 
shoot tissues (Ebbs et al., 1997; Ebbs and Kochian, 1998; Kumar et al., 1995). Seeds of each accession 
were germinated in a perlite medium and under intermittent mist until the development of the first true 
leaves. Plants were then grown in a greenhouse during the months of June and July of 2000 under natural 
light (approximately 1300 yumol m'2 s'1) and temperature (average day, 31°C; night, 20°C) conditions in 
Amherst, Massachusetts (42N 72W). Seedlings were watered as needed with either deionized water or 
quarter-strength Hoagland’s No. 1 solution (Hoagland and Arnon, 1950). At the four-true-leaf stage roots 
were washed free of root media, and selected plants were transferred to 4.8 L of quarter-strength 
Hoagland’s No. 1 solution in aerated polyethylene containers (21cm Ht. x 23cm Diain). 
After pre-treatment for 5 days, plants were subjected to full-strength modified Hoagland’s 
solutions (Jones, 1997) providing 12 Zn treatments of (mg Zn L'1) 0.00, 0.05, 0.25, 0.50, 0.75, 1.00, 2.00, 
3.00, 4.00, 5.00, 6.00, and 7.00 supplied as ZnS04. These concentrations were selected to elicit a wide 
range in Zn accumulation by plants and effects of Zn on plant growth. In preliminary experiments, growth 
suppression and symptoms of Zn excess occurred (leaf chlorosis and necrosis) if plants were supplied with 
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> 3.0 mg Zn L'1 in solution culture. Modified Hoagland solutions provided all plants with (mg L'1) 210 N 
(20% as NH4-N), 31 P, 235 K, 200 Ca, 49 Mg, and variable S (128 to 131 mg S L1) as a combination of 
CaCl2, Ca(N03)2, KH2P04, KN03, K2S04, MgS04, and (NH4)2S04. Micronutrient concentrations supplied, 
excluding Zn, were (mg L'1) 0.5 B, 72 Cl, 0.02 Cu, 1.37 Fe, 0.5 Mn, and 0.01 Mo as a combination of 
CaCl2„ CuS04, Fe-EDDHA (Iron-ethylenediamine dihydroxyphenylacetic acid), H3B04, H2Mo04, and 
MnCl2. The average initial pH of treatment solutions was 5.4. The pH of nutrient solutions was 
determined daily for each treatment combination. Nutrient solutions were changed once per week with 
transpiration losses being replaced during the week with deionized water. After 3 weeks, plant foliage was 
ranked visually for appearance (0=green/healthy; l=slight chlorosis; 2=moderate chlorosis or necrosis; 
3=severe chlorosis or necrosis), and plants were removed from solution cultures. The first fully mature 
leaves of each plant were collected; roots were separated from shoots, and roots were rinsed with 
deionized water. Selection of the first fully mature leaves ensured that analysis was performed on plant 
parts of equal physiological age (Bates, 1971). Three-weeks of growth was sufficient time for the 
development of Zn toxicity symptoms and for differences in plant growth due to treatments. 
All tissues were dried at 80°C for 48 hours in a forced-air oven, and dry mass was determined 
(Campbell and Plank, 1998). Dried leaf samples were ground by mortar and pestle, and other plant tissues 
were ground in a rotary (Wiley) mill to pass a 40-mesh (0.5 mm) screen. After grinding, plant tissues 
were dry ashed in a muffle furnace at 500 °C for 18 hours (Isaac and Jones, 1972), and the resulting ash 
was dissolved in 10 ml of concentrated HN03 and diluted to a final volume of 50 ml with distilled water 
(Miller, 1998). The Zn concentration of all plant parts, and the concentrations of Cu, Fe, and Mn in leaves 
were determined by atomic absorption spectrophotometry (Hanlon, 1998). Analysis of leaf tissues were 
used to assess whether micronutrients were present in deficient, sufficient, or toxic amounts (Marschner, 
1995). The total Zn content (mg plant'1) of shoots and roots was determined for each individual plant by 
multiplying the total Zn concentration (/ug g ‘) and the dry mass (g). 
In the experiment, each of three B.juncea accessions (426308, 182921, and 211000) was 
supplied with 12 levels of Zn (previously defined) in a randomized complete block design. Each treatment 
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combination was replicated with four blocks with a total of 144 solution culture pots in the experiment, 
each pot having two plants of the same accession. Dependent variables included: visual rankings of plant 
foliage; root and shoot dry mass; Cu, Fe, Mn, and Zn concentrations of the first fully mature leaves; the 
Zn concentration of roots and the total shoot portion of plants; and total Zn content of roots and shoots. 
The influence of the independent variables, accessions and Zn levels, on the dependent variables was 
tested with analysis of variance (ANOVA; Steel and Torrie, 1960). If significant differences P<0.()5 in the 
dependent variables occurred, Duncan’s New Multiple Range Test (Steel and Torrie, 1960) was used to 
assess the effects of accessions, and regression analysis (Steel and Torrie, 1960) was used to describe 
trends relative to the Zn level treatments. If a cause and effect relationship did not exist, relationships 
between dependent variables were assessed with Pearson’s correlation (Cody and Smith, 1997). Statistical 
analyses were performed with SAS (SAS Institute, Cary, NC), a statistical analysis software package. 
3.4. Results and Discussion 
3.4.1. Plant Growth 
The potential of plants to accumulate mass differed among B. juncea accessions, with root and 
shoot dry mass being greater for accession 426308 at harvest than for accession 182921 or 211000 (Table 
3.1). The supply of Zn in nutrient solutions significantly influenced plant growth, with an interaction 
occurring between Zn supply and accessions (Figure 3.1). However, shoot dry mass generally decreased 
for all accessions with increasing Zn in solutions from 0.0 to 7.0 mg L*1. Leaf chlorosis developed at 
concentrations above 2.0 mg L1 and suggests that shoot growth was suppressed by an induced deficiency 
of another essential element, possibly Fe. Zinc also may suppress growth by interfering with various 
photosynthetic processes (Van Assche and Clijsters, 1986). 
Root dry mass (Figure 3.1) decreased with increasing supply of Zn for accession 426308 or 
182921, but root growth of accession 211000 was not affected by Zn treatments (mean, 0.84 g plant1). 
Plants may have a limited capacity to extract the root environment for Zn and other metallic elements 
under Zn-contaminated conditions due to the suppressive effects of Zn on root growth. Inhibited root 
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growth is often a sensitive measure of Zn toxicity (Godbold et al., 1983), and a suppression in lateral root 
diameter of B. juncea has been reported if plants were subjected to 6.5 mg Zn L'1 in solution culture (Ebbs 
and Kochian, 1997). Root elongation of Thlaspi caerulescens J. & C. Presl., a Zn hyperaccumulator, was 
suppressed at solution concentrations above 65 mg Zn L'1 (Tolra et al., 1996). In this experiment, plant 
growth was often suppressed by increasing concentrations of Zn, but the amount of suppression was 
greater with accessions that exhibited the greatest inherent potential for biomass production. 
3.4.2. Zinc Concentration of Roots and Shoot Tissues 
Previous studies have shown that accession 426308 accumulates more Pb in shoots than 
accession 182921 or 211000 (Kumar et al., 1995), but B. juncea accessions in this experiment did not 
differ in their ability to concentrate Zn in shoot tissues (mean, 610 /ug g'1; Table 3.1). The concentration of 
Zn in roots and shoots generally increased with increasing supply of Zn in solutions (Figure 3.2), and the 
Zn accumulation in shoots was particularly high as Zn concentrations in solution increased from 0.0 to 
1.0 mg L1. In another report, Zn concentrations in roots and shoots of T. caerulescens increased with 
increasing Zn supply from 0.07 to 98 mg L'1 (Tolra et al., 1996). In this experiment, the average Zn 
concentration in B. juncea roots was at least 2.5 times greater than the average Zn concentration of 
shoots (Table 3.1), similar to the partitioning of Pb within B. juncea tissues (Dushenkov et al., 1995; 
Kumar et al., 1995). Results suggest that accession 211000 may have a greater capacity to detoxify Zn in 
roots than other tested accessions. The overall concentration of Zn in roots was greatest for accession 
211000 (Table 3.1), but unlike accession 182921 or 426308, root growth was not suppressed by increasing 
Zn supply (Figure 3.1). 
Zinc toxicity occurs in many crop plants if the concentration of Zn in the leaf dry mass exceeds 
300/ug g'1 (Marschner, 1995), a level of Zn found in B. juncea leaves (mean, 373 /ug Zn g ‘) for plants 
supplied with 0.5 mg Zn L'1 in solution culture. In this experiment, plants accumulated approximately 800 
/ug Zn g’1 in leaf tissues without exhibiting foliar symptoms of Zn excess (leaf chlorosis). 
Zinc concentration of first fully mature leaves closely paralleled that of the Zn concentration in 
the entire shoot (Figure 3.3). The efficiency of Zn accumulation in shoots can therefore be determined by 
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sampling leaf tissues instead of removing the entire shoot for analysis. This method of sampling may help 
reduce costs associated with crop assessment and allows the plant to remain in the root medium until 
harvest. 
3.4.3. Micronutrient Concentrations in Leaves 
The concentrations of Cu, Fe, and Mn in the first fully mature leaves were determined to assess if 
exposure to elevated Zn concentration in solution culture induced deficiencies of these micronutrients. 
Deficiencies of essential elements may limit the phytoextraction potential of plants by suppressing plant 
growth. Because of the similar ionic radius and charge of Zn2+ (74 pm), Cu2+ (71 pm), and Fe2+ (77 pm), 
these elements may be competitive for absorption by plant roots, and if available in excess, each may 
induce a deficiency of another (Barak and Helinke, 1993 ; Loneragan and Webb, 1993 , Marschner, 1995). 
The concentration of Fe in leaves differed significantly among B. juncea accessions, with leaf Fe 
concentrations being greatest overall for accession 211000 than for other accessions (Table 3.2). As the 
supply of Zn in solution was increased from 0.0 to 1.0 mg L1, the mean concentration of Fe in the first 
fully mature leaves ranged from 109 to 295 y,g Fe g'1 (Figure 3.4) and was above the critical deficiency 
concentration for most crops (approximately 100 /ug Fe g'1; Marschner, 1995). The absence of foliar 
chlorosis among these plants (average visual ranking being < 1 on a scale with 3 being severe chlorosis) 
suggests that Fe was present in sufficient concentration. If the supply of Zn in solution exceeded 2.0 mg 
L'1, the average concentration of Fe in leaves was less than 100 y.g g'1, and leaves were chlorotic, 
indicating that plants may have suffered from Zn-induced Fe deficiency (Marschner, 1995). Others have 
reported Fe deficiency of B. juncea grown in nutrient solutions containing excessive Zn (Ebbs and 
Kochian, 1997; 1998), but deficient levels of Fe in the shoot were not correlated well with of visual 
symptoms of chlorosis. Zinc may interfere with the utilization of Fe in the plant, possibly during 
chlorophyll synthesis (Chaney, 1993). This action would allow for the development of Fe-deficiency 
symptoms even if Fe is present at sufficient levels within the plant, but our results suggest that Zn may 
also interfere with Fe accumulation (Figure 3.4). High Zn supply (1.3 mg L ') suppressed the absorption 
and translocation of Fe in hydroponically grown corn (Zea mays L.; Adriano et al., 1971). 
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A spike in leaf Fe concentration occurred as the supply of Zn in solution increased from 0.05 to 
1.0 mg L'1 (Figure 3.4). A similar peak in shoot Fe concentration with increasing Zn supply was reported 
for T. caerulescens (Tolra et al., 1996). Evidence suggesting the involvement of an Fe-efFiciency response 
for B. juncea includes the observed proliferation of root hairs on plant roots (Romheld and Marschner, 
1981a) and a decrease in pH of treatment solutions over time (Figure 3.5; Marschner et al., 1986). Results 
of pH measurement indicate that an Fe-efficient mechanism may have been operative over a wide range of 
Zn concentrations in solution (from 0.05 to 7.0 mg L1), but leaf Fe concentrations were suppressed to 
deficient levels (< 100 /ug Fe g 1) if plants were supplied with more than 1.0 mg Zn L l. These results may 
indicate that some portions of an Fe-efficient mechanism were inhibited by high Zn levels (> 2.0 mg L1), 
whereas others were unaffected. 
The concentrations of Cu and Mn in leaves differed significantly among accessions (Table 3.2) 
and were influenced significantly by the supply of Zn in solutions (Figure 3.4). The accumulation of Cu in 
leaves followed a cubic trend with increasing supply of Zn in solution (9 to 12 /ug g1) with concentrations 
consistently above the critical deficiency level for most plants (1 to 5 /ug Cu g1; Marschner, 1995). Results 
suggest that moderate concentrations Zn in the medium may promote the accumulation of Mn in B. 
juncea. A peak in leaf Mn concentration occurred, as observed with Fe, if plants were subjected to 
between 0.25 and 1.0 mg Zn L1 in solution (Figure 3.4). Reasons for the similarity between leaf Fe and 
Mn accumulation trends with increasing Zn supply are not well understood, but increased accumulation of 
Mn may be related to the processes involved in an Fe-efificiency response. With Fe-efficient plants, the 
accumulation of Mn in tissues is often increased if Fe is limiting (Moraghan, 1979; Moraghan and 
Freeman, 1978). Although Mn accumulation was suppressed if Zn was supplied in excess of 1.0 mg L1, 
the Mn concentration in B. juncea leaves remained above the critical deficiency level for most crops (10 to 
20 /ug Mn g1; Marschner, 1995). Our results differ from reports that B. juncea suffers Mn deficiency if 
subjected to high levels of Zn in solution culture (6.5 mg L1; Ebbs et al., 1997; Ebbs and Kochian, 1997). 
Although high concentrations of Zn in the root medium can lead to deficiencies of Cu and Mn in plants, 
the results suggest that this phenomenon did not occur for B. juncea in this experiment. 
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3.4.4. Zinc Tolerance of Brassica juncea Accessions 
The term tolerance is not often clearly defined, but for the purposes of this discussion Zn 
tolerance describes the ability of plants to resist suppressions in shoot biomass production as the internal 
concentration of Zn increases. The slopes of linear regression between the mean leaf Zn concentration and 
shoot dry mass (Figure 3.6.) indicate that accession 211000 was the most Zn tolerant, that accession 
182921 was moderately tolerant, and that 426308 was the least Zn tolerant of all accessions tested. 
3.4.5. Zinc Content of Roots and Shoots 
The Zn content (mg Zn plant1) of shoots is affected by shoot dry mass and shoot Zn 
concentration and is representative of the Zn phytoextraction potential of plants. The content of Zn in 
shoots was greater overall for accession 426308 than for other accessions, a difference attributed to shoot 
growth potential (Table 3.1). Although some variation among accessions occurred, the effect of increasing 
levels of Zn supply on the Zn content of shoots followed the same pattern for all plants (Figure 3.7). The 
amount of Zn in shoots increased sharply as the supply in solution increased from 0.0 to 2.0 mg Zn L'1, 
but the total amount of Zn in shoots was not increased by higher levels of Zn exposure (2.0 to 7.0 mg Zn 
L'1). At solution concentrations greater than 2.0 mg Zn L\ increases in shoot Zn concentration (Figure 
3.2) were accompanied by a suppression in shoot growth (Figure 3.1), resulting in a leveling in the overall 
amount of Zn within shoots (Figure 3.7). The Zn phytoextraction potential of plants was maximized at 
approximately 5 mg Zn plant'1, a level achieved when plants were subjected to 2.0 mg Zn L 1 and higher 
concentrations in nutrient solution culture. 
The overall Zn content of roots was greater for accessions 182921 and 211000 than for accession 
426308 (Table 3.1). Although accessions differed in their response to Zn treatments, the Zn content of 
roots generally increased with increasing supply of Zn in solution (Figure 3.7). The total amount of Zn 
capable of being sequestered in the roots was approximately 6.5 mg Zn plant'1, a level that was present 
when plants were exposed to between 4.0 and 7.0 mg Zn L 
50 
3.5. Conclusions 
The selection of plants for phytoextraction is based on certain plant phenotypes, mainly the 
capacity to produce biomass and the ability to accumulate metals within the plant. Brassica juncea 
accession 426308 previously has been shown to be a more effective accumulator of Pb than accession 
211000 or 182921 (Kumar et al., 1995). In this experiment the ability of plants to concentrate Zn in 
shoots did not differ among accessions. This result suggests that the metal-accumulating ability of 
different B. juncea accessions is not general for all metals, but is metal specific. In this study B. juncea 
accession 426308 exhibited a greater potential for plant growth than other tested accessions, but 
differences in plant growth became increasingly less as the concentration of Zn in solution increased. 
Plants having the greatest inherent potential for growth accumulated more total Zn due to greater biomass 
production, but these plants also suffered most from excessive exposure to Zn. Brassica juncea accession 
426308 exhibited the greatest Zn phytoextraction potential of accessions tested, but was the least tolerant 
to high concentrations of Zn in the root medium. 
Increasing the supply Zn to B. juncea had a limited effect on increasing the phytoextraction 
potential of plants, primarily because increasing concentrations of Zn in plant tissues were accompanied 
by a suppression of growth. This response raises questions concerning the effectiveness of using acidifying 
agents (Blaylock and Huang, 2000; Huang et al., 1998) or chelates (Blaylock et al., 1997; Huang et al., 
1997a) to increase the availability of metals for phytoremediation. Nutrient deficiencies associated with 
increasing exposure of plants to metals in the root medium can be a major limiting factor influencing 
plant establishment and performance for phytoextraction. Plants in this experiment suffered Zn-induced 
Fe deficiency, a condition that undoubtably affected plant growth, thereby limiting the accumulation of Zn 
in shoots. Other researchers have attempted to limit the amount of growth suppression by foliarly 
fertilizing B. juncea with Fe chelates, but this fertilization practice has only limited effectiveness (Ebbs et 
al., 1997). 
Many plants have the ability to activate an Fe-efficiency response if the availability of Fe becomes 
a limiting factor for plant growth (Marschner et al., 1986). Results suggest that Zn may have induced an 
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Fo-efficicncy response in H. juncea by either suppressing Fe absorption, or by interfering with the 
utilization of Fe in the plant, it is also possible that Zn disabled one or more components of the Fc- 
efficient mechanism when supplied in excess (> 2.0 mg Zn L'). Elevating the concentration of Zn in 
nutrient solution interfered with the Fe-cfTiciency response of soybean (Glycine max L.) and inhibited Fe 
uptake and translocation (Ambler et al., 1970). 
lirassica juncea was tolerant to high concentrations of Zn in the root medium, but the 
phytoextraction potential of this plant may be limited by suppressed growth and the development of 
nutrient disorders related to high levels of Zn in the root medium. More research is needed to determine 
the extent to which growth and Zn accumulation can be increased through appropriate Fe nutrition and 
other fertility practices 
52 
Table 3.1. Mean dry mass, Zn concentration, and Zn content of roots and shoots for Brassica juncea 
accessions 211000, 182921, and 426308. 
Accession 
Mean Dry Mass 
(g) 
Mean Zn Concentration 
(pig g1; dry mass) 
Mean Zn Content 
(mg plant'*) 
Roots Shoots Roots Shoots Roots Shoots 
211000 0.84b 6.27b** 2041a 611a** 3.34a 3.19bNS 
182921 1.00b 6.71b** 1664b 599a** 3.17a 3.17bNS 
426308 1.45a 8.78a** 1549b 620a** 2.19b 3.73a** 
Average 1.10 7.25** 1751 610** 2.90 3.36ns 
**, NS Significant at .P<0.01, or nonsignificant difference between roots and shoots, respectively by t-test. 
Means followed by different letters within the same column are significantly different CP<0.05) according 
to Duncan’s New Multiple Range Test. 
Table 3.2. Mean concentrations of Cu, Fe, Mn, and Zn in the first fully mature leaves of Brassica juncea 
accessions 211000, 182921, and 426308. 
Accessions 
Mean Concentration in First Fully Mature Leaves 
(Mg g'1; dry mass) 
Cu Fe Mn Zn 
211000 11a 190a 203a 885a 
182921 11a 138b 156b 782b 
426308 9b 126b 150b 685c 
Average 10 151 170 784 
Means followed by different letters within the same column are significantly different (f*<0.05) according 
to Duncan’s New Multiple Range Test. 
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Zn Concentration in Solution (mg L 
Figure 3.1. Influence ofZn concentration in nutrient solution culture on mean shoot (A) and root (B) dry' 
mass of Brassica juncea accessions 426308, 182921, and 211000. Regression analysis for shoots (A): 
y=12.67 - 2.29x + 14.96x2, R2=0.960;-y=8.54 - 74.15x, r^O.921; . y=7.93 - 1.06x 
+ 0.08x2, R2=0.866. Regression analysis for roots (B): - y= 1.99 - 0.22x, r^O.923;-y=1.19- 
0.08x, rM).873; . Nonsignificant. 
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Zn Concentration in Solution (mg L'1) 
Figure 3.2. Influence of increasing concentration of Zn in nutrient solution culture on the mean Zn 
concentration of Brassica juncea entire shoots (A) and the mean Zn concentration of roots (B) for 
accessions 426308, 182921, and 211000. Accessions and Zn level treatments did not interact to effect the 
Zn concentration in entire shoots. Regression analysis for shoots (A): y=26.82 + 488.43x - 105.87x2 + 
9.53x3, R2=0.998. Regression analysis for roots (B):. y=101.00 + 787.90x, r^O.983;- 
y=46.98 + 657.Olx, r^O.986; - y=-63.36 + 654.91x, r^O.997. 
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Figure 3.3. Pearson’s Correlation between the concentration of Zn in the first fully mature leaves of 
Brassica juncea and the Zn concentration of the entire shoot. 
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0 1 2 3 4 5 6 7 
Zn Concentration in Solution (mg L'1) 
Figure 3.4. Influence of increasing concentration of Zn in nutrient solution culture on the mean 
concentrations, and standard errors, of Cu (A), Mn (B), and Fe (C) in the first fully mature leaves of 
Brassica juncea. Regression analysis for Cu (A): y=9.03 + 1.51x - 0.47x2 + 0.04x3, R2=0.795. Regression 
of Mn (B) or Fe (C) leaf concentration against Zn concentration in solution followed non-linear models. 
Analysis of variance determined that the effect of Zn concentration on leaf Mn or Fe was significant 
(P<0.05), thereby indicating that at least one Zn concentration was different from the others in terms of its 
effect on the concentration of Mn or Fe in the leaf tissue. 
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Figure 3.5. Average daily pH of Zn treatment solutions over seven-day period following the supply of 
fresh treatment solutions (day 0; initial pH = 5.4). 
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Zn Concentration in Newly Matured Leaves 
(ng g'1) 
Figure 3.6. Relationship between the concentration of Zn in the first fully mature leaves and the average 
shoot dry mass of Brassica juncea accessions 211000 (A), 182921 (B), and 426308 (C). Regression 
analysis for 211000 (A): y=8.35 - 0.0021x, rMl.916. Regression analysis for 182921 (B): y=9.18 - 
0.0032x r2=0.907. Regression analysis for 426308 (C): y=12.57 - 0.0053x, 1^=0.945. 
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Figure 3.7. Influence of Zn concentration in nutrient solution culture on the mean shoot (A) and root (B) 
Zn content of Brassica juncea accessions 182921, 211000, and 426308. Regression analysis for shoots 
(A):- y=5.76 (1 -0.35x), R^O.991; . y=5.36 (1 -0.50s), R^O.938;->=4.81 (1 - 
0.31s), R2=0.971. Regression for roots (B): . y=-0.10 + 2.42x - 0.21x2, R^O.976;->=0.11 + 
2.47x - 0.26x2, R^O.973; - y=0.11 + 0.85x, 1^=0.969. 
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CHAPTER 4 
NUTRITIONAL ALLEVIATION OF ZINC-INDUCED IRON DEFICIENCY IN INDIAN 
MUSTARD AND THE EFFECTS ON ZINC PHYTOEXTRACTION 
4.1. Abstract 
Brassica juncea is a promising candidate for the phytoextraction of Zn, but the effectiveness of 
this plant can be limited under Zn-contaminated conditions. Iron deficiency is common among plants that 
are grown under conditions of excessive Zn supply, but efforts to alleviate Zn-induced Fe deficiency in B. 
juncea by foliarly fertilizing with Fe has yielded mixed results. Our objectives were to determine the 
effects of root-applied Fe and Zn on plant growth, the accumulation of Zn in plant tissues, and the 
development of nutrient deficiencies for B. juncea. In the experiment, B. juncea (accession 182921) was 
supplied 6 levels of Fe-EDDHA (0.625 to 10.0 mg L'1) and two levels of Zn (2.0 and 4.0 mg L1) for three 
weeks in a solution-culture experiment. In a previous experiment, B. juncea suffered from Zn-induced Fe 
chlorosis if plants were supplied ^3.0 mg Zn L1 in solution culture. Nutrient solution pH decreased with 
decreasing supply of Fe and increasing supply of Zn in solution, indicating that B. juncea may be an Fe- 
efFicient plant. To the extent that Fe deficiency was the limiting factor for plant growth, we were able to 
increase growth by supplying increasing levels of Fe in solutions. If plants were supplied 2.0 mg Zn L ', 
plant growth was stimulated by increases in Fe supply, but plant growth was not influenced by Fe 
treatments if plants were supplied 4.0 mg Zn L'1. Zinc concentration in roots and shoots was suppressed 
by increasing levels of Fe in solution. Leaf concentrations of Cu, Mn, and P were suppressed also if the Fe 
supply in solutions increased. Iron additions to the nutrient solution were not effective at increasing the 
overall phytoextraction potential of B. juncea unless plants were supplied a phytotoxic level of Zn in 
solution culture. Even under these conditions, Fe additions were effective only if supplied at low levels in 
solution culture (1.25 mg Fe L'1). Results suggest that Fe fertility has limited potential for enhancing Zn 
phytoextraction by B. juncea, even if plants suffer a suppression in growth from Fe deficiency. 
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4.2. Introduction 
Phytoextraction is plant-based remediation technology aimed at the removal of metals from 
contaminated sites through the use of metal-accumulating plants (Kumar et al., 1995). The interest in 
developing this technology has been fueled primarily by its potential to be low cost in comparison to other 
conventional remediation technologies (Glass, 2000). The goal is for plants to absorb and sequester large 
quantities of metals in their shoots, which can then be harvested, resulting in the removal of targeted 
metals from the site. The overall potential of plants to remove metals is determined by their ability to 
rapidly produce abundant shoot mass with high concentrations of the targeted metal (Blaylock et al., 
1997; Cunningham and Ow, 1996). Several accessions of B. juncea exhibit favorable traits for 
phytoextraction, including their ability to accumulate metals such as Cd, Cu, Cr, Ni, Pb, and Zn (Blaylock 
et al., 1997; Dushenkov et al., 1995; Ebbs and Kochian, 1998; Kumar et al., 1995). 
Zinc is the heavy metal occurring in the greatest concentrations in the majority of wastes arising 
in modern, industrialized communities (Boardman and McGuire, 1990) and is among the most common 
metals contaminating metal-polluted sites. The Zn phytoextraction potential of B. juncea is influenced by 
plant growth, the accumulation of Zn within plant tissues, and the interaction of Zn with other elements. 
Zinc in excess of plant needs often induces deficiencies of other essential elements (Marschner, 1995). 
Chlorosis may develop in young leaves under conditions of high Zn supply due to decreased Fe absorption 
(Mengel and Kirkby, 1987) or utilization within the plant (Rosen et al., 1977). Zinc-induced Fe deficiency 
can suppress plant growth and limit the Zn phytoextraction potential of B. juncea by reducing the total Zn 
content of shoots (see Chapter 3). Therefore, it is necessary to assess the relationships between Fe supply, 
the level of Zn exposure, and the development of Zn-induced Fe deficiency for B. juncea. 
Foliarly fertilizing with Fe is a common means of temporarily alleviating Fe deficiency in crops 
(Mortvedt, 1986), but foliar fertilization of B. juncea with Fe has yielded mixed results in correcting Zn- 
induced Fe deficiency and enhancing biomass accumulation (Ebbs and Kochian, 1998). Similarly, foliar 
Fe applications were not effective in improving the Fe nutritional status or dry mass production of soybean 
(Glycine max (L.) Merr.; Fontes and Cox, 1998a). Iron is not readily mobile between different plant 
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organs, and therefore, foliar Fe applications must be repeated frequently so that young, rapidly expanding 
tissues have sufficient Fe for growth (Mengel and Kirkby, 1987). The need for frequent Fe applications 
may increase the cost associated with phytoextraction and may not be justified due to the lack of a 
consistent response to fertilization. Iron deficiency may also be prevented or corrected by supplying Fe to 
the root medium, but no studies have investigated the use of root-applied Fe fertilizers for enhancing the 
Zn phytoextraction potential of plants. One advantage of applying Fe to the root medium is that the need 
for repeated applications are greatly reduced in comparison to foliarly fertilizing. Plant growth may also 
be enhanced with root applications because plants could potentially have a more continuous supply of Fe 
for growth processes. However, root-applied Fe may negatively impact Zn phytoextraction efforts because 
Fe and Zn are competitive for root absorption (Lingle et al., 1963). Increasing the supply of Fe in the root 
medium may suppress the absorption of Zn by roots and limit the accumulation of Zn in plant tissues. 
The objectives of this study were to determine the effects of Fe and Zn supply in the root medium 
on plant growth, the accumulation of Zn in plant tissues, and the development of nutrient deficiencies for 
B. juncea. Iron additions may improve plant growth by alleviating Zn-induced Fe deficiency. However, a 
potential exists for Fe to suppress the accumulation of Zn and other essential nutrients in B. juncea due to 
competitive effects for root absorption. Results will help define the potential benefits and risks associated 
with root-applied Fe for the alleviation of Zn-induced Fe deficiency in B. juncea and may lead to the 
development of specialized Fe fertility practices for Zn phytoextraction in the field. 
4.3. Materials and Methods 
Seed of Indian mustard {Brassica juncea Czem.) accession 182921 were obtained from the 
USDA-ARS North Central Region Plant Introduction Station at Iowa State University, Ames, Iowa, USA. 
This accession is effective at accumulating metals such as Pb and Zn in shoot tissues (Kumar et al., 1995). 
Seeds were germinated in a perlite medium and under intermittent mist until the development of the first 
true leaves. Plants were then grown during the month of January of 2000 in a greenhouse under natural 
light (approximately 1000 yumol m'2 s'1) and temperature (average day, 22 C; night, 18CC) conditions in 
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Amherst, Massachusetts (42N, 72W). Seedlings were watered as needed with deionized water or quarter- 
strength Hoagland’s No. 1 solution (Hoagland and Amon, 1950). At the four-true-leaf stage roots were 
washed free of root media, and selected plants were transferred to 4.8 L of quarter-strength Hoagland’s 
No. 1 solution in aerated polyethylene containers (21cm ht. x 23cm diam). 
After pre-treatment for 5 days, plants were subjected to full-strength modified Hoagland’s 
solutions (Jones, 1997) providing 5 Fe treatments of (mg Fe L1) 0.625, 1.25, 2.50, 5.00, and 10.00 
supplied as Fe-EDDHA (Iron-ethylenediamine dihydroxyphenylacetic acid), and 2 Zn treatments of (mg 
Zn L'1) 2.0 and 4.0 supplied as ZnS04. Iron concentrations were selected to elicit a wide range in effects of 
Fe on plant growth and the development of Fe deficiency symptoms. Zinc supplied at 2.0 mg L 1 
represents an excessive, but non-toxic level of Zn, whereas Zn supplied at 4.0 mg L'1 represents an 
excessive and toxic level of Zn in solution culture. In other studies, growth suppression and symptoms of 
Zn excess occurred in B. juncea (leaf chlorosis associated with Fe deficiency) if plants were supplied with 
^ 3.0 mg Zn L'1 in solution culture (see Chapter 3). Modified Hoagland solutions provided all plants with 
(mg L'1) 210 N (13% as NH4-N), 31 P, 235 K, 200 Ca, 49 Mg, and variable S (97 to 99 mg S L'1) as a 
combination of CaCl2, Ca(N03)2, KH2P04, KN03, K2S04, MgS04, and NH4N03. Micronutrient 
concentrations supplied, excluding Fe and Zn, were (mg L'1) 0.5 B, 72 Cl, 0.02 Cu, 0.5 Mn, and 0.01 Mo 
as a combination of CaCl2, CuS04, H3B04, H2Mo04, and MnCl2. The average initial acidity of treatment 
solutions was pH 5.4. The pH of nutrient solutions was determined weekly for each treatment 
combination. Nutrient solutions were changed once per week with transpiration losses being replaced 
during the week with deionized water. After 3 weeks, plants were removed from solution cultures; the first 
fully mature leaves of each plant were collected; roots were separated from shoots, and roots were rinsed 
with deionized water. Selection of the first fully mature leaves ensured that analysis was performed on 
plant parts of equal physiological age (Bates, 1971). Three-weeks of growth were sufficient for the 
development of differences in plant growth due to treatments. 
All tissues were dried at 80 °C for 48 hours in a forced-air oven, and dry mass was determined 
(Campbell and Plank, 1998). Dried leaf samples were ground by mortar and pestle, and other plant tissues 
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were ground in a rotary (Wiley) mill to pass a 40-mesh (0.5 mm) screen. After grinding, plant tissues 
were dry ashed in a muffle fiimace at 500 °C for 18 hours (Isaac and Jones, 1972), and the resulting ash 
was dissolved in 10 ml of concentrated HN03 and diluted to a final volume of 50 ml with distilled water 
(Miller, 1998). The Zn concentration of all plant parts, and the concentrations of Cu, Fe, and Mn in roots 
and leaves were determined by atomic absorption spectrophotometry (Hanlon, 1998). Phosphorus 
concentration in roots and leaves was determined by the vanadomolybdophosphoric acid colorimetric 
method (see Appendix C; Franson, 1975). Data from analysis of leaf tissues were used to assess whether 
nutrients were present in deficient, sufficient, or toxic amounts (Marschner, 1995). The total Zn content 
(mg plant1) of shoots and roots was determined for each individual plant by multiplying the total Zn 
concentration (jug g l) and the dry mass (g). 
In the experiment, B. juncea accession 182921 was supplied with 5 levels of Fe and 2 levels of 
Zn in a randomized complete block design. Each treatment combination was replicated with four blocks 
with a total of 40 solution culture pots in the experiment, each pot having two plants. Dependent variables 
included: root and shoot dry mass; Cu, Fe, Mn, P, and Zn concentrations of the first fully mature leaves 
and in roots; the Zn concentration of roots and entire shoots; and total Zn content of roots and entire 
shoots. The influence of the independent variables, Fe and Zn levels, on the dependent variables was 
tested with analysis of variance (ANOVA; Steel and Torrie, 1960). If significant differences P<0.05 in the 
dependent variables occurred due to Fe treatments, regression analysis (Steel and Torrie, 1960) was used 
to describe trends in the data. Statistical analyses were performed with SAS (SAS Institute, Cary, NC), a 
statistical analysis software package. 
4.4. Results and Discussion 
4.4.1. Plant Growth 
Plants that are selected for phytoextraction use must have the ability to produce large quantities 
of shoot dry mass under metal contaminated conditions without exclusion of the targeted metals (Blaylock 
et al., 1997; Cunningham and Ow, 1996). The production of shoot dry mass by B. juncea was 
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significantly influenced by the supply of Zn in solutions (Figure 4.1), with mean shoot dry mass being 
greater overall if plants were supplied 2.0 mg Zn L'1 (9.97 g plant'1) than if plants were supplied 4.0 mg 
Zn L'1 (8.37 g plant'1). Similarly, mean root dry mass production was greater among plant supplied 2.0 mg 
Zn L'1 (mean, 1.44 g plant'1) in comparison to plants supplied 4.0 mg Zn L'1 (mean, 1.29 g plant'1). This 
suppressive effect of Zn on the growth of B.juncea (accession 182921) was also observed in another study 
where Zn levels in solution culture ranged from 0 to 7 mg Zn L'1 (see Chapter 3). Zinc may suppress the 
growth of plants, directly by interfering with various photosynthetic processes (Van Assche and Clijsters, 
1986) or indirectly by inducing deficiencies of other nutrients (Ambler et al., 1970; Fontes and Cox, 
1998b; Foy et al., 1978). Suppression of root growth, such as that observed in our study for plants supplied 
4.0 mg Zn L'1, is often a sensitive measure of Zn toxicity (Goldbold et al., 1983). In another report, lateral 
root diameter of B. juncea was suppressed if plants were subjected to 6.5 mg Zn L'1 in solution culture 
(Ebbs and Kochian, 1997). 
The effect of Fe supply on B. juncea shoot and root dry mass production was dependent on the 
supply of Zn in solution (Figure 4.1). If plants were supplied 2.0 mg Zn L'1, mean shoot and root dry mass 
production generally increased with increasing Fe supply up to 5.0 mg L'1. However, Fe treatments did not 
influence the mean dry mass production of shoots (8.37 g plant'1) and roots (1.29 g plant'1) if plants were 
supplied 4.0 mg Zn L"1 (Figure 4.1). In another study, soybean growth was enhanced under conditions of 
excessive Zn supply (2.62 mg Zn L'1) if the concentration of Fe in solution culture was increased from 
1.12 to 5.58 mg Fe L'1 (Fontes and Cox, 1998b). Because the growth of B. juncea generally improved if 
the Fe concentration in solution increased, results suggest that Fe deficiency, or so-called "hidden 
hunger", was the primary mechanism of growth suppression for plants supplied 2.0 mg Zn L 1 (Figure 
4.1). Hidden hunger is a term used to describe a condition whereby the concentration of a nutrient in a 
plant is too high for the development of deficiency symptoms, but too low for maximum plant growth to 
be achieved (Tisdale et al., 1993). In contrast to plants supplied 2.0 mg Zn L plants given 4.0 mg Zn L 
did not respond to increasing rates of Fe nutrition in solution culture (Figure 4.1). This result suggests 
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that Zn suppressed growth directly, in addition to possibly limiting Fe absorption or utilization. 
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4.4.2. Iron and Zinc Concentrations in Roots and Shoot Tissues. 
Iron concentrations in the first fully mature leaves of B. juncea were influenced significantly by 
the supply of Fe (Table 4.1), but not by the supply of Zn in solutions. If Fe was supplied at 0.625 mg L'1 
the average Fe leaf concentration was 98 /ug Fe g'1, and plants were chlorotic, suggesting that plants were 
Fe deficient. The critical deficiency concentration of Fe in the leaves of crop plants is between 50 and 150 
/ug Fe g'1 (Marschner, 1995), and in other studies, B. juncea was assessed to be Fe deficient if leaves 
contained <100 /ug Fe g'1 dry mass (see Chapter 3). Iron concentrations in leaves peaked if plants were 
supplied 2.5 mg Fe L'1 and were suppressed at higher or lower levels of supply (Table 4.1). In contrast to 
leaves, mean root Fe concentrations increased dramatically, from 772 to 3446 /ug g'1, with increasing Fe 
supply from 0.625 to 10.0 mg Fe L'1 (Table 4.2). The mean Fe concentration in roots was 17-fold that of 
the shoots and ranged from 8-fold to 31-fold from the lowest to the highest levels of Fe supply in solution 
(Tables 4.1 and 4.2). 
Iron deficiency is common among plants exposed to excessive amounts of Zn in the root medium 
(Marschner, 1995). In our study with B. juncea, plants developed foliar symptoms of Fe deficiency 
(chlorosis of young leaves) if supplied 0.625 mg Fe L'1 in solution, but symptoms were not present if 
plants were supplied higher levels of Fe (1.25 to 10.0 mg Fe L'1). In a preliminary test, plants (Brassica 
juncea Czem., accession 182921) supplied a Hoagland's level of Zn (0.05 mg Zn L"1; Hoagland and 
Amon, 1950) did not suffer growth suppression or develop Fe deficiency symptoms if supplied 0.625 mg 
Fe L'1. This result suggests that high Zn, and not low Fe, in solution was responsible for the development 
of chlorosis in our study, but that the likelihood of Zn-induced Fe deficiency is greater if the supply of Fe 
in the nutrient medium is low. 
The supply of Fe in solution significantly influenced Zn concentrations in the first fully mature 
leaves of B. juncea, but the effect of Zn supply was non-significant. The mean Zn concentration in leaves 
was suppressed from 1298 to 552 /ug g'1 with increasing supply of Fe from 0.625 to 10.0 mg L 1 (Table 
4.1). All plants had leaf Zn concentrations normally considered toxic for crop plants (>300 /ug g ', 
Marschner, 1995), but only plants that were supplied <2.5 mg Fe L 1 developed leaf chlorosis or necrosis - 
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- symptoms that are often associated with Zn excess (see Chapter 3). Plants supplied ^2.5 mg Fe L 1 had 
Zn concentrations in the leaves of -900 /ug g' or less, and plants did not have foliar chlorosis or necrosis. 
If plants were supplied <2.5 mg Fe L'1, mean leaf Zn concentrations exceeded 1000 /ug g' (Table 4.1), and 
necrotic lesions often developed in the interveinal areas of young and mature leaves. In addition, plants 
subjected to the lowest level of Fe in solution (0.625 mg L'1) were Fe deficient, a condition that is 
aggravated by high levels of Zn supply (Chaney, 1993). In another study, B. juncea accumulated up to 800 
/ug Zn g1 in the first fully mature leaves without developing Zn-induced Fe deficiency (see Chapter 3). 
The Zn concentration of roots and entire shoots of B. juncea were influenced significantly by the 
supply of Zn or the supply of Fe (Figure 4.2) in solutions. Shoot Zn concentrations were greater overall if 
plants were supplied 4.0 mg Zn L'1 (mean, 846 /ug g'1) than if supplied 2.0 mg Zn L1 (mean, 637 /ug g '). 
Similarly, root Zn concentrations were greater in plants subjected to 4.0 mg Zn L'1 (mean, 2052 /ug g ‘) 
than in plants given 2.0 mg Zn L‘‘ (mean, 1388 /ug g'). Zinc concentrations in roots and shoots of Thlaspi 
caerulescens J. & C. Presl., a Zn hyperaccumulator, also increased with increasing Zn supply from 0.07 to 
98 mg L'1 (Tolra et al., 1996). In our study, Zn concentrations in roots were 2-fold the concentration in 
shoots, similar to the partitioning of Pb within B. juncea tissues in another study (Dushenkov et al., 1995; 
Kumar et al., 1995). This retention of Zn in roots has been observed in other studies (see Chapters 3,5, 
and 6) and may be the result of an exclusion mechanism in an effort to escape toxicity. 
Zinc concentrations in entire shoots decreased curvelinearly from 1005 to 589 /ug Zn g'1 with 
increasing Fe supply up to 5.0 mg Fe L'1, and root Zn concentrations also decreased curvelinearly (2467 to 
1409 /ug Zn g1) if the supply of Fe in solution increased from 0.625 to 2.5 mg Fe L 1 (Figure 4.2). Higher 
levels of Fe supply did not further suppress the Zn concentration in roots or shoots. Trends in root and 
shoot Zn concentration were best described by quadratic trends, but Zn concentration is not expected to 
increase at levels of Fe supply > 5 mg L 1 as the prediction equations suggest (Figure 4.2). Similar to B. 
juncea, Zn concentrations in soybean (Glycine max Merr.) roots and shoots decreased if the supply of Fe 
in nutrient solutions increased (1.1 to 5.6 mg Fe L'1) under conditions of excessive Zn supply (2.6 mg Zn 
L'1; Fontes and Cox, 1998b). The suppressive effects of Fe on the accumulation of Zn in B. juncea is 
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undoubtedly related to competitive effects between Fe and Zn for root absorption (Lingle et al., 1963). The 
similarity in size and charge between Fe2+ (77 picometers) and Zn2+ (74 pm) suggest that each nutrient 
may induce a deficiency of the other if available in excess (Woolhouse, 1983). 
The pH of nutrient solutions decreased with decreasing supply of Fe from 10.0 to 0.625 mg Fe L'1 
and solutions were generally more acidic if plants were supplied 4.0 mg Zn L'1 than if supplied 2.0 mg Zn 
L'1 (Figure 4.3). This acidification effect likely is related to the activation of an Fe efficiency response by 
B. juncea (Strategy 1; Marschner et al., 1986). With an Fe efficiency response (Strategy 1), H+ may be 
released by plant roots in an effort to increase Fe availability and absorption under Fe-limiting conditions 
(Marschner et al., 1986). In our study, B. juncea developed symptoms of Fe deficiency only if supplied the 
lowest level of Fe in solution (0.625 mg Fe L'1), but the trend in solution pH was present across the entire 
range of Fe levels supplied from 0.625 to 10.0 mg Fe L 1 (Figure 4.3). Results suggest that the activation 
of an Fe efficiency response in B. juncea, and consequently the acidification of the rhizosphere, may be 
related more to the concentration of Fe in plant roots than in the foliage. According to Romheld and 
Marschner (1981b), when iron supply is sub-optimal, root-induced changes in substrate pH are observed, 
but the growth rate and chlorophyll content of leaves remain unaffected. 
4.4.3. Concentrations of Other Nutrients in Leaves and Roots 
The concentrations of Cu and Mn in the first fully mature leaves of Brassica juncea were 
determined to assess whether or not exposure to elevated Fe or Zn concentration in solution culture 
induced deficiencies of these nutrients. Being of similar ionic radius and charge of Zn2+ (74 pm), Cu2t (71 
pm), and Fe2+ (77 pm), these elements are competitive for absorption by plant roots, and if available in 
excess, each may induce a deficiency of another (Barak and Helmke, 1993; Loneragan and Webb, 1993; 
Marschner, 1995). In addition, Cu2+, Fe2+, Mn2+, and Zn2+ may compete for root absorption because of the 
similarity in their charge (Mengel and Kirkby, 1987). Apparent deficiencies of Fe and Mn have been 
reported for B. juncea grown under conditions of high Zn supply (6.5 mg Zn L'1; Ebbs et al., 1997; Ebbs 
andKochian, 1997). 
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Copper concentrations in leaves were suppressed (mean, 13 to 9 /ug Cu g ') with increasing Fe 
supply up to 5 mg L'1 (Table 4.1), and Mn concentrations were suppressed (mean, 287 to 123 /ug g') as 
the Fe concentration in solution increased up to 10.0 mg Fe L'1 (Table 4.1). Differences in leaf Cu and Mn 
concentrations were likely due to differences in shoot dry mass production or effects of Fe on Cu and Mn 
translocation from roots to shoots, or to both processes. Although B. juncea may be more prone to 
deficiencies of Cu and Mn under conditions of excessive Fe supply in our study, mean Cu and Mn leaf 
concentrations (Table 4.1) were above the critical deficiency levels for crop plants (Cu, 1 to 5 /ug g Mn, 
10 to 20 /ug g'1; Marschner, 1995). 
Zinc levels in solution influenced significantly the mean Cu concentration in B. juncea leaves 
and roots, but Mn levels in leaves (196 /ug Mn g"1) and roots (35 /ug Mn g') were not influenced 
significantly by the Zn concentration in solutions. Plants supplied 4.0 mg Zn L 1 in solution had higher 
mean concentrations of Cu in leaves (mean, 11 /ug Cu g'1) and roots (mean, 25 /ug Cu g'1) than plants 
supplied 2.0 mg Zn L'1 (mean leaves, 9 /ug Cu g'1; mean roots, 18 /ug Cu g1). This stimulatory effect of Zn 
on increasing the concentration of Cu in roots and leaves of B. juncea was observed in another study with 
B. juncea also (see Chapter 3). Our results differ from findings of other studies where Zn strongly 
inhibited Cu accumulation in wheat (Triticum aestivum L.; Chaudhry and Loneragan, 1970) and 
sugarcane (Saccharum officinarium L., Bowen, 1969). In our study, the average Mn concentration in B. 
juncea leaves was almost 6-fold greater than the average concentration in the roots (Tables 4.1 and 4.2). 
In contrast, the mean Cu concentration in roots was 2-fold greater than in leaves. This result suggests that 
root saturation is not a prerequisite for the rapid translocation of Mn from B. juncea roots to shoots, 
whereas the accumulation of Cu, Fe, and Zn in roots appears to be a necessary step before substantial 
translocation to the shoot occurs. 
Phosphorus concentrations in B. juncea leaves and roots were influenced significantly by the 
supply of Fe (Figure 4.4), but not by the supply of Zn in solution (mean leaves, 0.77 % P ; mean roots, 
0.81 % P ). Root P concentrations generally increased, and concentrations in leaves were suppressed, as 
the Fe supply in solutions increased from 0.625 to 10.0 mg Fe L'1 (Figure 4.4). Despite the suppression in 
70 
leaf P concentration, results suggest that B. juncea was not P deficient. Plants contained a level of P 
generally considered to be sufficient for crop plants (0.16 to 0.99%; Munson, 1998), and plants did not 
exhibit foliar symptoms of P deficiency (reddening or purpling of older leaves, Mills and Jones, 1996; 
dark green older leaves or suppression of growth, Mengel and Kirkby, 1987). It appears that Fe and P are 
mutually antagonistic, and when available in excess in the root medium, each may suppress the 
concentration of the other in leaves. In another study, increasing rates of P supply in solution culture were 
associated with an increase in root Fe concentration, but with a suppression of leaf Fe concentration in B. 
juncea (See Chapter 6). Possible explanations for this antagonism between Fe and P include the formation 
of sparingly soluble Fe phosphates at the root surface or in the root apoplast (Bienfait et al., 1985; Rediski 
and Biddulph, 1953), the precipitation of Fe phosphates in the root symplast (Biddulph, 1953 ; Rediski and 
Biddulph, 1953 ), or another unidentified mechanism by which each nutrient restricts the translocation of 
the other to from roots to shoots. 
4.4.4. Zinc Content of Roots and Shoots 
The effect of Fe on the Zn content (mg plant'1) of shoots was dependent on the supply of Zn in 
solution. If B. juncea was subjected to 2.0 mg Zn L'1 in solution, shoot Zn content decreased linearly from 
7.9 to 4.7 mg plant'1 with increasing Fe supply from 0.625 to 10.0 mg L'1. If supplied 4.0 mg Zn L'1, the 
response of shoot Zn content to increasing Fe supply followed a cubic trend with the total amount of Zn in 
shoots being elevated if plants were supplied 1.25 mg Fe L'1, and being suppressed at lower or higher 
levels of Fe supply (Figure 4.5). Although the total Zn content (mg plant"1) of a plant organ is influenced 
by Zn concentration (jug g'1) and dry mass (g), one factor can influence the total Zn content of plants more 
than the other. For example, shoot Zn content of plants supplied 2.0 mg Zn L1 (Figure 4.5) appeared to be 
influenced more by the concentration of Zn in shoots (Figure 4.2) than by the quantity of shoot dry mass 
produced (Figure 4.1). In contrast, shoot dry mass production (Figure 4.1) appeared to have a greater 
impact on shoot Zn content (Figure 4.5) than shoot Zn concentration (Figure 4.2) if plants were supplied 
4.0 mg Zn L'1. 
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Root Zn content is not generally considered an important plant factor for phytoextraction but is 
central in identifying the potential of B. juncea for other phytoremediation technologies that focus on the 
accumulation of metals within roots, such as rhizofiltration (Dushenkov et al., 1995). Root Zn content 
(mg plant1) was greater overall if plants were supplied 4.0 mg Zn L'1 (mean, 2.62 mg plant'1) than if 
plants were supplied 2.0 mg Zn L'1 (mean, 1.95 mg plant'1). In addition, root Zn content was suppressed 
from 2.9 to 1.88 mg plant'1 as the Fe concentration in solutions increased from 0.625 to 2.5 mg L‘‘, but 
higher levels of Fe supply did not result in any further suppression of root Zn content (Figure 4.5). Similar 
to our results with B. juncea , Zn accumulation in soybean roots was suppressed by high Fe supply (5.5 
mg L'1), a result that was attributed to inhibited Zn absorption by Fe (Fontes and Cox, 1998a,b). In our 
study, root Zn concentration (jag Zn g'1; Figure 4.2) was the dominant factor influencing the Zn content of 
roots (mg Zn plant'1; Figure 4.5). 
4.5. Conclusions 
Brassica juncea may suffer growth suppression when grown in Zn-contaminated conditions due 
to either Zn-induced Fe deficiency, direct toxic effects of Zn, or both. Despite the positive effects of Fe on 
stimulating growth, Fe can suppress the accumulation of Zn in B. juncea tissues due to competitive effects 
for absorption. In addition, Fe nutrition may lead to induced deficiencies of other nutrients, such as Cu 
and Mn, if these elements are present in near-deficient concentrations in the plant. Nutrient disorders will 
suppress plant growth and may limit the overall potential of B. juncea to phytoextract Zn. Therefore, the 
overall nutritional status of B. juncea should be considered if Fe applications are to be effective at 
alleviating Zn-induced Fe deficiency and improving plant growth. 
Under field conditions, mild Fe deficiency may actually be beneficial for Zn phytoextraction. If 
the supply of Fe to B. juncea becomes limiting, the plant responds by acidifying the root medium. Many 
plants have this ability, to activate an Fe-efficiency response and acidify the rhizosphere, if Fe is a limiting 
factor for plant growth (Marschner et al., 1986). Because Zn is more available for root absorption under 
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acidic conditions, mild Fe deficiency may stimulate the accumulation of Zn in plant. Because the pH effect 
is a root-initiated response, soil acidification may take place before foliar symptoms of Fe deficiency are 
manifest. 
The Zn content of shoots represents the total amount of Zn that can be removed by harvesting 
shoots. Because shoot Zn content is a function of shoot Zn concentration and shoot dry mass, a 
suppression of shoot Zn concentration by increased Fe supply may limit the overall effectiveness of B. 
juncea for Zn phytoextraction. The risk of suppressing Zn accumulation should be considered when 
deciding whether or not to apply Fe for the purpose of improving plant growth. In our study, Fe additions 
to the root medium were not effective at increasing the overall phytoextraction potential of B. juncea 
unless plants were supplied a phytotoxic level of Zn in solution culture. Even under these conditions, Fe 
additions were effective only if supplied at low levels in solution culture (1.25 mg Fe L'1). The objective of 
supplying plant nutrients for phytoextraction should always be to increase the total metal content of the 
harvestable shoots, not to merely increase plant growth. Results suggest that Fe fertility has limited 
potential for enhancing Zn phytoextraction by B. juncea, even if plants suffer a suppression in growth 
from Fe deficiency. 
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Table 4.1. Influence of Fe supply in solution culture on the mean concentration of Cu, Fe, Mn, and Zn in 
the first fully mature leaves of Brassica juncea accession 182921. 
Fe Supply 
(m p L'h — 
Mean Concentration in the First Fully Mature Leaves 
Cug g l; dry mass) 
Cu Fe Mn Zn 
0.625 13 98 287 1298 
1.25 11 130 230 1075 
2.5 10 151 197 914 
5.0 9 111 152 673 
10.0 10 110 123 552 
Trend Q* (^** Q** Q** 
Average 11 120 198 902 
q q * ** Quadratic, Cubic, significant at .P<0.05, or 0.01, respectively, as determined by regression 
analysis. 
Table 4.2. Influence of Fe supply on the mean concentration of Cu, Fe, and Mn in the roots of Brassica 
juncea accession 182921. 
Fe Supply 
(■met T -1\ 
Mean Concentration in Roots 
Cug g1; dry mass) 
(mgL ) 
Cu Fe Mn 
0.625 24 772 42 
1.25 20 1325 38 
2.5 22 1911 30 
5.0 22 2885 31 
10.0 20 3446 34 
NS NS 
Trend Q** 
Average 22 2068 35 
Q, NA, NS, **, Quadratic, Not Applicable, Nonsignificant or significant P<0.01, respectively, as 
determined by regression analysis. 
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Fe Concentration in Solution (mg L 
Figure 4.1. Mean shoot (A) and root (B) dry mass, and standard errors, of Brassica juncea (accession 
182921) as influenced by the supply of Fe and Zn in solution culture. Regression analysis for shoots (A) 
- y=8.43 + 1.02x - 0.09x2, R2=0.997;-Nonsignificant. Regression analysis for roots (B): 
y=1.13 + 0.17x - 0.02x2, R2=0.991;-Nonsignificant. 
75 
0 2 4 6 8 10 
Fe Concentration in Solution (mg L"1) 
Figure 4.2. Mean Zn concentration, and standard errors, in Brassica juncea (accession 182921) shoots 
(A) and roots (B) as influenced by the supply of Fe in solution culture. Regression analysis for shoots (A). 
y=1051 - 139.8x + 8.8x2, R2=0.977. Regression analysis for roots (B): y=2526 - 428x + 32x\ R =0.803. 
Zinc and Fe level treatments did not interact to effect Zn concentration in shoots or roots. 
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Figure 4.3. Mean nutrient solution pH, and standard errors, as influenced by the supply of Fe and Zn for 
Brassica juncea (accession 182921) in solution culture. Regression analysis for 2.0 mg Zn L'1 (■): y=4.17 
+ 0.54x - 0.02x2, R2=0.958. Regression analysis for 4.0 mg Zn L'1 (O); y=4.17 + 0.3 lx - 0.02x2, R2=0.934. 
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Figure 4.4. Influence of Fe supply in solution on the overall mean P concentration (% P; dry' mass) in the 
first fully mature leaves and roots of Brassica juncea (accession 182921). Regression analysis for leaves 
(A): y=0.89 - 0.05x + 0.004x2, R2=0.952. Regression for roots (B): y=0.73 + 0.03x - 0.001x1 R2=0.997. 
Zinc and Fe level treatments did not interact to effect the P concentration in leaves or roots. 
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Fe Concentration in Solution (mg L"1) 
Figure 4.5. Influence of Fe and Zn supply in solution culture on the mean Zn content of Brassica juncea 
(accession 182921) shoots (A), and the overall effect of Fe supply on the mean Zn content of Brassica 
juncea roots (B). Regression analysis for shoots (A):- y=7.46 - 0.32x, r2=0.899;-y=7.29 + 
1.85x - 0.75x2 + 0.05x3, R2=0.877. Regression analysis for roots (B): y=3.08 - 0.44x + 0.03x2, R2=0.833. 
Zinc and Fe level treatments did not interact to effect the Zn content of roots. 
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CHAPTER 5 
INFLUENCE OF AMMONIUM AND NITRATE NUTRITION ON PLANT GROWTH AND ZINC 
ACCUMULATION BY INDIAN MUSTARD 
5.1. Abstract 
The source of N used in fertility practices can affect plant growth, nutrient absorption, and the 
availability of nutrients. The Zn phytoextraction potential of plants may be increased by selecting the ratio 
of NH/-N to N03 -N for fertility that maximizes growth and Zn accumulation. The objectives were to 
determine the effects of Zn supply and different molar % ratios of NH4+ to N03 on growth and Zn 
accumulation in Indian mustard {Brassica juncea Czem.) and to determine the N fertility regime that 
maximizes the total Zn content of the harvestable shoots. In a factorial experiment, B. juncea (accession 
182921) was supplied with two levels of Zn (0.05 and 4.0 mg L ') in combination with six N treatments 
with different molar % ratios of NH4+ to N03 (0:100, 10:90, 20:80, 30:70, 40:60, and 50:50) for 3 weeks 
in solution culture. Zinc supplied at 0.05 mg Zn L1 represents a common, and non-toxic, level of Zn in 
solution culture, whereas 4.0 mg Zn L'1 has been shown to be excessive for B. juncea growth. The pH of 
nutrient solutions generally decreased with increasing proportion of NH4+-N in solutions and with 
increasing Zn supply. If the supply of Zn in solution was excessive, plants developed symptoms of foliar 
chlorosis, and symptoms were severe if plants were supplied ^80% of N as N03'. Supplying high 
proportions of N03 -N in the nutrient medium stimulated Zn accumulation, whereas increasing 
proportions of NH4+-N (up to 50% of the total N) enhanced shoot growth. The Zn phytoextraction 
potential of B. juncea was maximized at ~15 mg Zn plant-1 if plants received 10% of the total N as NH4 - 
N and 90% as N03 -N. 
80 
5.2. Introduction 
Metals are prevalent forms of contamination at waste sites in the United States, and their 
remediation is technically difficult (Cunningham et al., 1997). The cost of cleaning metal polluted sites in 
the United States is estimated currently to total $7,100 million (Ensley, 2000), a burden that has led to the 
search for cleanup technologies that are low cost and environmentally benign (Cunningham and Ow, 
1996). Phytoextraction is plant-based remediation technology aimed at the removal of metals from 
contaminated sites through the use of metal-accumulating plants (Kumar et al., 1995). The goal is for 
plants to absorb and sequester large quantities of metals in their shoots, which can then be harvested, 
resulting in the removal of targeted metals from the site. The overall potential of plants to remove metals 
in their shoots is determined by their ability to rapidly produce abundant shoot mass with high 
concentrations of the targeted metal (Blaylock et al., 1997; Cunningham and Ow, 1996). Several 
accessions of B. juncea exhibit favorable traits for phytoextraction, including the ability to accumulate 
metals, such as Cd, Cu, Cr, Ni, Pb, and Zn (Blaylock et al., 1997; Dushenkov et al., 1995; Ebbs and 
Kochian, 1998; Kumar et al., 1995; Salt et al., 1995a). 
Zinc is the heavy metal occurring in the greatest concentrations in the majority of wastes in 
modem, industrialized communities (Boardman and McGuire, 1990) and is among the most common 
metals contaminating metal-polluted sites. The Zn phytoextraction potential of B. juncea is influenced by 
many plant factors, including plant growth and accumulation of Zn within plant tissues. The source of N 
used in fertility practices can affect plant growth, nutrient absorption, and availability of nutrients in the 
root medium (Barker and Mills, 1980) and may influence Zn phytoextraction. Plants grown with N03 as 
their N source absorb more cations than those grown with NH4+ (Haynes and Goh, 1978). Zinc 
concentration in Deschampsia cespitosa (L.) Beauv. roots was greater if plants were supplied N03, rather 
than NH4+ nutrition (Smirnoff and Stewart, 1987). The toxicity of Zn also may be tempered by selecting 
the appropriate source of N for fertility. Deschampsia cespitosa developed severe foliar chlorosis if 
supplied N03' under Zn-toxic conditions, but chlorosis was not present if NH4 was the N source (Smirnoff 
and Stewart, 1987). 
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Researchers may be able to exert some control over factors that influence the success of 
phytoextraction in the field, such as soil pH and its effect on Zn availability, by altering the ratio of N 
forms used in fertility practices. Researchers could maximize Zn phytoextraction in the field by selecting 
different N form ratios for their effects on increasing plant growth and Zn accumulation in B. juncea. The 
primary objectives of this study were to determine the effects of Zn supply and different molar % ratios of 
NH4+ to N03' on B. juncea growth and Zn accumulation in tissues and to determine which N fertility 
regime results in the greatest Zn accumulation in the harvestable shoots. In addition, the effects of Zn 
supply and N ratio treatments on nutrient solution pH and the development of nutrient disorders were 
assessed. 
5.3. Materials and Methods 
Seed of Indian mustard (Brassica juncea Czem. accession 182921) were obtained from the 
USDA-ARS North Central Region Plant Introduction Station at Iowa State University, Ames, Iowa, USA. 
This accession is effective at accumulating Pb and Zn in shoot tissues (Kumar et al., 1995). Seeds were 
germinated in a perlite medium and under intermittent mist until the development of the first true leaves. 
Plants were then grown during April 2000 in a greenhouse under natural light and temperature (average 
day, 27°C; night, 23 °C) conditions in Amherst, Massachusetts (42N, 72W). Seedlings were watered as 
needed with either deionized water or quarter-strength Hoagland’s No. 1 solution (Hoagland and Arnon, 
1950). At the five-true-leaf stage, roots were washed free of root medium, and selected plants were 
transferred to 4.8 L of quarter-strength Hoagland’s No. 1 solution in aerated polyethylene containers 
(21cm ht. x 23cm diam). 
After pre-treatment for 7 days, plants were subjected to full-strength modified Hoagland’s 
solutions (Jones, 1997) providing 2 Zn treatments of (mg Zn L ') 0.05 and 4.00 supplied as ZnS04, and 6 
molar % ratios of NH4+ to N03 providing 210 mg N L'. The N-form ratios as percent N were 0:100, 
10:90, 20:80, 30:70, 40:60, and 50:50 NH4+:N03 with Ca(N03)2, KN03, NH4N03, and (NH4)2S04 as N 
sources. Zinc supplied at 4.0 mg L"1 is a toxic level of Zn for Brassica juncea grown in solution culture 
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(see Chapter 3), whereas 0.05 mg Zn L'1 represents a common, non-toxic level of Zn (Hoagland and 
Amon, 1950). In a preliminary study, growth suppression and symptoms of Zn excess occurred (leaf 
chlorosis associated with Fe deficiency) if plants were supplied with Zn at ^ 3.0 mg L'1 in solution culture 
(see Chapter 3). Nitrogen treatments were selected to elicit a wide range in effects of NH4+-N:N03'-N 
ratios on plant growth, nutrient accumulation, development of nutrient disorders, and nutrient solution 
pH. The maximum proportion of NH4+-N provided in treatments was 50% because NH4+ toxicity is 
common if the molar ratio of NH4+ to N03 in solution exceeds 1:1 (Jones, 1997). Modified Hoagland 
solutions provided all plants with (mg L'1) 31 P, 235 K, 200 Ca, 49 Mg, and variable S (64 to 264 mg S L 
*) as a combination of CaCl2, Ca(N03)2, KH2P04, KN03, K2S04, and MgS04. Micronutrient 
concentrations supplied, excluding Zn, were (mg L'1) 0.5 B, variable Cl (72 to 89), 0.02 Cu, 1.37 Fe, 0.5 
Mn, and 0.01 Mo as a combination of CaCl2, CuS04, Fe-EDDHA (iron ethylenediamine 
dihydroxyphenylacetic acid), H3B04, H2Mo04, and MnCl2. The average initial pH of treatment solutions 
was 5.3. The pH of nutrient solutions was determined daily for each treatment. Nutrient solutions were 
changed once per week with transpiration losses being replaced during the week with deionized water. 
After 3 weeks, plants were removed from solution cultures; the first fully mature leaves of each plant were 
collected; roots were separated from shoots, and roots were rinsed with deionized water. Selection of the 
first fully mature leaves ensured that analysis was performed on plant parts of equal physiological age 
(Bates, 1971). Three-weeks of growth were sufficient for development of differences in plant growth due 
to treatments. 
All tissues were dried at 80 °C for 48 hours in a forced-air oven, and dry mass was determined 
(Campbell and Plank, 1998). Dried leaf samples were ground by mortar and pestle, and other plant tissues 
were ground in a rotary (Wiley) mill to pass a 40-mesh (0.5-mm) screen. After grinding, plant tissues 
were dry ashed in a muffle furnace at 500°C for 18 hours (Isaac and Jones, 1972), and the resulting ash 
was dissolved in 10 ml of concentrated HN03 and diluted to a final volume of 50 ml with distilled water 
(Miller, 1998). Zinc in all plant parts and Cu, Fe, and Mn in roots and leaves were determined by atomic 
absorption spectrophotometry (Hanlon, 1998). Phosphorus in roots and leaves was determined by the 
83 
vanadomolybdophosphoric acid colorimetric method (see Appendix C; Franson, 1975). Data from analysis 
of leaf tissues were used to assess whether nutrients were present in deficient, sufficient, or toxic amounts 
(Marschner, 1995). The total Zn content (mg plant'1) of shoots and roots was determined for each 
individual plant by multiplying the total Zn concentration (jug g ‘) and the dry mass (g). 
In the experiment, B. juncea was supplied with 2 levels of Zn in combination with 6 molar ratios 
of NH4+ to N03' (previously defined) in a randomized complete block design. Each treatment combination 
was replicated with four blocks with a total of 48 solution culture pots in the experiment, each pot having 
two plants. Dependent variables included: root and shoot dry mass; Cu, Fe, Mn, P, and Zn concentrations 
of the first fully mature leaves and in roots; the Zn concentration of roots and entire shoots; and total Zn 
content of roots and entire shoots. The effects of the independent variables, Zn levels and N ratios, on the 
dependent variables were tested by analysis of variance (ANOVA; Steel and Torrie, 1960). If significant 
differences (P<0.05) in the dependent variables occurred due to N-form ratios, regression analysis was 
used to describe trends due to Zn supply. Statistical analyses were performed with SAS (SAS Institute, 
Cary, NC). 
5.4. Results and Discussion 
5.4.1. Plant Growth 
Although most plants can use either NH4+ or N03' as a source of N, the effect of these two forms 
of N on growth varies with plant species and NH4+:N03' ratio (Barker and Mills, 1980; Errebhi and 
Wilcox, 1990; Lips et al., 1990). Shoot dry mass of B. juncea increased significantly with increasing 
proportion of NH4+-N in solution (up to 50% of total N), but root dry mass was not affected by the ratio of 
N forms supplied (Figure 5.1). Similarly, lima bean (Phaseolus limensis L.) shoot dry mass was greater if 
plants received both NH4+ and N03' in solution cultures in comparison to plants that received N03 alone 
(total N supplied, 200 mg L'1), but root growth was not influenced by the proportion of NH4+-N to N03 -N 
in solutions (McElhannon and Mills, 1977). Jones (1997) recommends that the percentage of NH, ions in 
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solution not exceed 50% of the total N concentration because NH4+ toxicity may occur - a condition that 
is known to adversely affect plant growth (Maynard and Barker, 1969). 
In our study, B. juncea produced -50% more shoot dry mass if plants received 0.05 mg Zn L'1 
(mean, 17.3 g plant'1) rather than 4.0 mg Zn L'1 (mean, 11.5 g plant'1) in solutions. In addition, root dry 
mass was suppressed by -30% if plants received 4.0 mg Zn L'1 (mean, 3.7 g plant'1) rather than 0.05 mg 
Zn L'1 (mean, 5.4 g plant'1). This suppressive effect of Zn on growth at 4 mg Zn L'1 was demonstrated in 
another study where B. juncea was supplied increasing levels of Zn in solution culture from 0.0 to 7.0 mg 
Zn L'1 (see Chapter 3). Zinc can suppress growth by interfering with various photosynthetic processes 
(Van Assche and Clijsters, 1986) or by inducing deficiencies of other nutrients (Ambler et al., 1970; 
Fontes and Cox, 1998a, b; Foy et al., 1978). Inhibited root growth is often a sensitive measure of Zn 
toxicity (Godbold et al., 1983), and a suppression in lateral root diameter of B. juncea has been reported if 
plants were subjected to 6.5 mg Zn L1 in solution culture (Ebbs and Kochian, 1997). Root elongation of 
Thlaspi caerulescens J. & C. Presl., a Zn hyperaccumulator, was suppressed at solution concentrations 
above 65 mg Zn L1 (Tolra et al., 1996). In another study, the inhibitory effects of Zn on plant growth were 
greater if plants were supplied N03‘ than with NH4+ nutrition {Deschampsia cespitosa (L.) Beauv.; 
Smirnoff and Stewart, 1987), but Zn and N ratio treatments did not interact to affect the growth of B. 
juncea in the current study. 
5.4.2. Zinc Concentration in Roots and Shoot Tissues 
The Zn concentration of B. juncea roots and entire shoots was influenced significantly (P<0.05) 
by the supply of Zn in solutions. Plants supplied 4.0 mg Zn L1 had greater mean root (2288 p,g g ’) and 
shoot (1217 yug g1) Zn concentration than plants receiving 0.05 mg Zn L 1 (roots, 806 p,g g1; shoots, 32 
yug g'1). Similar increases in B. juncea root and shoot Zn concentration were demonstrated in another 
study in which plants received increasing levels of Zn in solution culture from 0.0 to 7.0 mg Zn L 1 (see 
Chapter 3). The effect of N ratio treatments on shoot Zn concentration depended on the supply of Zn in 
solution. If the concentration of Zn in solution was low (0.05 mg Zn L *), N ratio treatments did not 
influence mean shoot or root Zn concentration. However, if the concentration of Zn in solution was high 
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(4.0 mg Zn L1), shoot Zn concentration increased from 918 to 1966 jug Zn g 1 with increasing proportion 
of N03 -N in solution, and root Zn concentration increased markedly, from -2200 to 7400 jug Zn g1, as 
the proportion of N03'-N in solutions increased from 90% to 100% of the total N supplied (Figure 5.2). 
Although the trend in root Zn concentration with increasing NH4+ supply is best described by a quadratic 
trend, root Zn concentration is not expected to increase at levels of NH4+ supply > 30% as the prediction 
equation suggests (Figure 5.2). Nitrate nutrition stimulates the absorption of cations by plants (Harada et 
al., 1968; Kirkby and Knight, 1977). If supplied with Zn at ^3.3 mg L'1 in solution culture, the 
concentration of Zn in D. cespitosa (Zn-tolerant clones) roots was greater with N03' nutrition than with 
NH4+ nutrition (Smimolf and Stewart, 1987). 
The mean Zn concentration in the first fully mature leaves of B. juncea was influenced 
significantly (R<0.05) by the supply of Zn in solutions, the molar ratio of NH4+ to N03 supplied, and by 
an interaction between these treatments. If plants were supplied 0.05 mg Zn L'1 in solution culture, B. 
juncea leaves had a mean Zn concentration (mean, 27 jug Zn g'1) similar to that of B. juncea grown under 
non-contaminated soil conditions (survey average, 29 jug Zn g'1; Mills and Jones, 1996). Leaf Zn 
concentration of plants supplied 4.0 mg Zn L'1 was 1529 jug Zn g'1 (Table 5.1), a concentration that is 
considerably higher than the Zn level considered toxic for crop plants (>300 jug Zn g Marschner, 1995) 
and for metal-accumulating accessions of B. juncea (>800 jug Zn gsee Chapter 3). The Zn sufficiency 
range for crop plants is from 15 to 100 jug Zn g1 (leaf dry mass; Longnecker and Robson, 1993). If 
supplied 4.0 mg Zn L'1, mean leaf Zn concentration of B. juncea increased linearly from 1049 to 2433 jug 
Zn g'1 as the proportion of N03 -N in solution increased from 50 to 100%, but N ratio treatments did not 
influence leaf Zn concentration if plants received 0.05 mg Zn L 1 (Table 5 .1). 
Leaf chlorosis is often associated with Zn toxicity in plants (Fontes and Cox, 1998a, b; Rosen et 
al., 1977); therefore, plants in our study were monitored for the development of leaf chlorosis. Brassica 
juncea did not exhibit symptoms of chlorosis if plants were supplied a Hoagland's level of Zn (0.05 mg Zn 
L'1) in solutions. However, all plants supplied 4.0 mg Zn L 1 developed mild chlorosis on the young lea\es 
by the end of the first week, and chlorosis appeared to be more advanced if plants were supplied with N03 
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at 2 80% of the total N supplied (visual observations). Plants supplied 100% N03 nutrition had severely 
chlorotic young leaves, with some developing sunken lesions in the interveinal areas. These effects of Zn 
and N ratio treatments on leaf chlorosis were temporary for most plants. By the end of the second week of 
the study leaf chlorosis disappeared for most plants receiving a combination of NH4+ and N03 in 
solutions, and only plants supplied 100% N03 had leaf chlorosis or necrosis at harvest. The development 
of foliar chlorosis suggests that B. juncea suffered from a nutrient disorder, possibly Fe deficiency. In 
another study with D. cespitosa, Zn-tolerant clones developed severe chlorosis if supplied 2:3.3 mg Zn L1 
with N03‘ as the N source, but chlorosis was not observed if NH4+ was the source of N (Smirnoff and 
Stewart, 1987). 
5.4.3. Nutrient Concentrations in Leaves and Roots 
The influence of Zn supply and N ratio treatments on the Fe concentration in the first fully 
mature leaves of B. juncea was nonsignificant (mean, 132 /ug Fe g'1) (Table 5.1). In addition, root Fe 
concentration was not affected by N ratio treatments if plants were supplied 0.05 mg Zn L'1 (mean, 199 /ug 
Fe g'1), but root Fe increased with increasing proportion of N03 -N if plants were supplied 4.0 mg Zn L"1 
(Table 5.2). Perhaps the higher pH associated with increasing N03' nutrition caused Fe to precipitate at 
the root surface or in the root apoplast, possibly with P as sparingly soluble Fe phosphates (Bienfait et al., 
1985; Rediski and Biddulph, 1953). Regardless, results suggest that the development of chlorosis here was 
not due to Zn-induced Fe deficiency, since chlorotic and non-chlorotic plants both had similar 
concentrations of Fe in the leaf tissue (Table 5.1). 
The total Fe concentration in plant leaves is not, however, always well correlated with Fe 
chlorosis. Rosen et al. (1977) suggest that Zn inhibits chlorophyll production of corn (Zea mays L.) by 
interfering with Fe metabolism instead of by lowering the Fe content of leaves. In addition, N03 nutrition 
also promotes Fe chlorosis in corn, whereas NH4+ nutrition does not. This effect is not related to the 
quantity of Fe in leaves, but rather the physiological availability of Fe. 
Plants may suffer Cu or Mn deficiency if exposed to high levels of Zn due to competitive effects 
for absorption (Bowen, 1969; Mills and Jones, 1996), and B. juncea was reported to suffer Mn deficiency 
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if supplied 6.5 mg Zn L'1 in solution culture (Ebbs et al., 1997). In our study with B. juncea, mean Mn 
concentration in leaves was greater if plants received 4.0 mg Zn L'1 (20\/ug Mn g *) than 0.05 mg Zn L1 
(178 jug Mn g'1) (Table 5.1). The ratio of NH4+ to N03 in solutions did not influence leaf Mn 
concentrations if plants were supplied 0.05 mg Zn L'1 (mean, 178 jug Mn g1), but if supplied 4.0 mg Zn L 
\ leaf Mn was suppressed with increasing proportion of NH/-N in solution (Table 5.1). In contrast to 
leaves, root Mn concentration was greater if plants were supplied 0.05 mg Zn L 1 (mean, 123 jug Mn g'1) 
than if supplied 4.0 mg Zn L'1 (mean, 49 jug Mn g'1) (Table 5.2). The effect of N ratio treatments on root 
Mn concentration was depended on the supply of Zn in solutions. If supplied 0.05 mg Zn L'1, Mn levels in 
roots increased with increasing proportion of N03'-N in solutions, but root Mn levels were not affected by 
N ratio treatments if plants were supplied 4.0 mg Zn L'1 (Table 5.2). 
Mean Cu concentration in B. juncea leaves was not influenced by the supply of Zn in solutions (9 
jug Cu g'1; Table 5.1), The effect of N ratio treatments on leaf Cu concentration was depended on the 
supply of Zn in solutions. The molar ratio of NH4+ to N03' supplied in solutions did not influence leaf Cu 
concentration if plants were supplied 0.05 mg Zn L'1, but if supplied 4.0 mg Zn L"1, leaf Cu was 
suppressed with 100% N03' nutrition (Table 5.1). Root Cu concentration was greater if plants were 
supplied 4.0 mg Zn L'1 (mean, 21 jug Cu g1) than if supplied 0.05 mg Zn L1 (mean, 12 jug Cu g'1), but N 
ratio treatments did not influence root Cu concentration at any level of Zn supply (Table 5.2). Although 
Zn and N ratio treatments sometimes influenced the Cu or Mn status of B. juncea, results suggest that 
plants did not suffer Cu or Mn deficiency. The levels of Cu and Mn in leaves (Table 5.1) were consistently 
above the critical deficiency ranges reported for crop plants (1 to 5 jug Cu g'1; 10 to 20 jug Mn g 
Marschner, 1995). 
Old leaves of plants supplied 4.0 mg Zn L'1 often appeared purple, in addition to having chlorotic 
young leaves. This purple coloration can be symptomatic of P-deficiency in plants (Mengel and Kirkby, 
1987; Mills and Jones, 1996), and high levels of Zn in the root medium have been shown to suppress the 
uptake of P (Adriano et al., 1971) or cause P deficiency in plants (Boawn and Rasmussen, 1971). 
However, the purple coloration of leaves in our study was not likely due to P deficiency because leaf P 
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levels (overall mean, 0.79% P) were consistently within a range considered sufficient for the growth of 
crop plants (0.16 to 0.99% P; Munson, 1998). Phosphorus concentrations in the first fully mature leaves 
of B. juncea were actually higher in plants with 4.0 mg Zn L'1 (0.88% P) than with 0.05 mg Zn L'1 (0.69% 
P). Leaf P concentration was not influenced by the ratio of NH/-N to N03 -N supplied in solutions. Root P 
levels were not influenced by the supply of Zn in solutions, but increased if the proportion of N03 -N in 
solutions increased from 80 to 100% of the total N supplied (Figure 5.3). Although this response in root P 
concentration is best described by a quadratic trend, P concentration is expected to remain level at 
proportions of NH4+ in solution between 20 and 50% instead of increasing as the prediction equation 
suggests (Figure 5.3). Results suggest that the high pH conditions caused by increasing N03'-N nutrition 
may have caused P to precipitate at the root surface or in the root apoplast (Bienfait et al., 1985; Rediski 
and Biddulph, 1953). 
5.4.4. Nutrient Solution pH 
Generally, N is taken up in greater quantities than any other nutrient, with NH4+ or N03 
representing approximately 70% of the cations and anions taken up by plants (Van Beusichem et al., 
1988). Because N nutrition profoundly affects the cation-anion uptake ratio by plant roots, the form of N 
supplied to plants can influence rhizosphere pH strongly (Marschner and Romheld, 1983). When NH4+ is 
the dominant form of N absorbed, the rhizosphere becomes more acidic due to a net release of H+ from 
plant roots, but when N03' is the predominate form of N absorbed, rhizosphere pH increases due to the net 
release of OH‘ (Marschner, 1995). 
The effect of different molar ratios of NH4+ to N03' on plant-induced changes in nutrient solution 
pH depended on the supply of Zn in solution cultures. If B. juncea was supplied a level of Zn that is 
common in solution culture (0.05 mg Zn L Hoagland and Arnon, 1950), nutrient solution pH became 
more acidic as the proportion of NH/-N increased in solution (Figure 5.4), a trend similar to that 
observed for wheat (Trelease and Trelease, 1935). However if the level of Zn in solution was high, a 
disruption in this typical pH pattern occurred. Supplying Zn at 4.0 mg L 1 resulted in a lowering of pH for 
all treatment solutions, but the effect was more pronounced for solutions that contained both sources, NH4 
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and N03than for solutions having N03 only (Figure 5.4). The elfect of Zn on plant-induced acidification 
of the nutrient medium has been observed in other studies with B. juncea (see Chapters 3 and 4). 
Acidification may be the result of an Fe-efflciency response (Strategy I; Marschner et al., 1986) by B. 
juncea caused by the effect of Zn on hampering Fe utilization in the plant. The net H+ release from the 
roots of Fe-efficient plant species suffering from Fe deficiency is a reflection of a shift in ion uptake from 
the normal excess anion over cation uptake for N03 nutrition to an excess of cation over anion uptake 
(Marschner, 1995; Mengel and Kirkby, 1987). Results suggest that the absorption of NH4+ may be a 
primary means by which Fe-efficient plants alter the cation-anion uptake ratio and, thereby, alter 
rhizosphere pH. 
The change in solution pH with time also was influenced by the ratio of NH4+ to N03 and the Zn 
supply in solutions. If plants were supplied 0.05 mg Zn L"1, nutrient solution pH increased with time if the 
molar supply of N03’ was 80% or more of the total N in solution (Figure 5.4). If plants were supplied 4.0 
mg Zn L'1, nutrient solution pH increased with time if the molar supply of N03' was 90% or more of the 
total N in solution (Figure 5.4). When both sources of N are present in the root medium, plants will 
preferentially absorb NH4+ (Arnold, 1992), and it is Therefore, possible for nutrient solutions having a 
majority of the total N supplied as N03‘ to become more acidic with time as was noted when solutions 
contained 70% of the total N supplied as N03 (Figure 5.4). Results suggest that B. juncea has a greater 
preference for NH4+ absorption if plants are subjected to a high concentration of Zn in the nutrient 
medium as noted by a slight suppression of pH with 80% N03" and only 20% NH/ (Figure 5.4). In 
another study with wheat (Triticum aestivum L.), solution pH tended to increase with time if the molar 
ratio of N03 to NH4+ in solutions exceeded 9 to 1, whereas solution pH tended to decrease at ratios less 
than 8 to 1 (Trelease and Trelease, 1935). Differences between our results with B. juncea and results with 
wheat by Trelease and Trelease (1935) are likely related to differences between plant species and their 
ability to absorb NH4+ or N03’ from the nutrient medium. 
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5.4.5. Zinc Content of Roots and Shoots 
The metal content of shoots (mg plant'1) is an important measurement for phytoextraction 
because it represents the total quantity of metal that can be removed from a contaminated site by 
harvesting, and disposing of, the metal-rich shoot tissue. In our study, Zn supplied at 0.05 mg L'1 
represented a common, non-toxic level of Zn in solution culture (Hoagland and Arnon, 1950), whereas 4.0 
mg Zn L'1 represented a toxic level of Zn for B. juncea (see Chapter 3). Shoot Zn content was greater 
overall if plants were supplied 4.0 mg Zn L'1 (mean, 12.93 mg Zn plant'1) than if supplied 0.05 mg Zn L"1 
(0.51 mg Zn plant'1) (data not tabulated). The proportion of NH/-N to N03'-N in solutions did not 
influence shoot Zn content if plants were supplied 0.05 mg Zn L'1, but the effect of N ratio treatments was 
highly significant (P<0.01) if plants were supplied 4.0 mg Zn L'1 (Figure 5.5). At this higher level of Zn 
supply, shoot Zn content peaked if N was supplied to plants as 10% NH/-N and 90% N03 -N, and was 
suppressed when solutions contained higher or lower proportions of NH/-N (Figure 5.5). 
Root Zn content is not considered generally an important plant factor for phytoextraction but is 
central in identifying the potential of B. juncea for other phytoremediation technologies that focus on the 
accumulation of metals within roots, such as rhizofiltration (Dushenkov et al., 1995). Root Zn content 
(mg plant'1) was greater overall (P<0.05) if plants were supplied 4.0 mg Zn L 1 (mean, 3.88 mg plant'1) 
than if plants were supplied 0.05 mg Zn L'1 (mean, 2.15 mg plant'1). The effect of N-ratio treatments on 
root Zn content depended on the supply of Zn in solutions. If plants received 0.05 mg Zn L ', N-ratio 
treatments did not influence root Zn content. However, root Zn content was suppressed with increasing 
proportion of NH/-N in solutions (up to 20% of the total N) if plants received the high level of Zn in 
solutions (4.0 mg Zn L'1; Figure 5.5). Higher proportions of NH/-N (> 20% of the total N supplied) in 
solution did not appear to further suppress the root Zn content of B. juncea. The overall trend in root Zn 
content with increasing proportion of NH4+ in solution is best described by a quadratic trend, but root Zn 
content is not expected to increase if NH/ in solution increases from 30 to 50% as the prediction equation 
suggests (Figure 5.5). 
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5.5. Conclusions 
The source of N used in fertility practices can have effects on plant growth and nutrient 
absorption (Barker and Mills, 1980), and results from our study with B. juncea suggest that the Zn 
phytoextraction potential of plants can be affected. Like other plants, B. juncea appears to absorb NH4+ 
preferentially rather than N03' when both ions are present in the nutrient medium (Arnold, 1992). In this 
experiment, shoot growth increased as the proportion of NH4+ increased in solution from 0 to 50% of the 
total N supplied. In addition to having a direct stimulatory effect on plant growth, NH4+ may alleviate 
nutrient disorders such as Fe deficiency caused by high Zn exposure, thereby improving growth indirectly. 
Although a causal relationship between foliar chlorosis and Fe deficiency could not be established, it is 
possible that NH4+ influenced the Fe nutritional status of B. juncea. For plants supplied Zn at 4.0 mg L', 
the severity of foliar chlorosis was increasingly less with increasing NH4+ concentration in solution. 
Nitrate nutrition promoted the development of Fe chlorosis in corn, but chlorosis was not observed if 
plants were supplied NH4+ (Mengel and Geurtzen, 1988). This effect was not related to the quantity of Fe 
in leaves but was attributed to the physiological availability of Fe within corn leaves. 
Plant growth also was influenced by the accumulation of Zn in plant tissues. The suppressive 
effects of high Zn supply on plant growth was demonstrated clearly with B. juncea, where plants supplied 
0.05 mg Zn L'1 had greater root and shoot dry mass, but lower Zn concentrations, than did plants supplied 
a high level of Zn (4.0 mg Zn L'1). At the high level of Zn supply, shoot growth suppression associated 
with increasing proportions of N03‘ in solution may have been related also to the level of Zn in plant 
tissues. Zinc concentrations in roots and shoots increased as the proportion of N03' in solutions increased, 
with Zn levels being particularly high if plants were supplied 100% N03\ Nitrate nutrition increases 
cation absorption (Harada et al., 1968; Kirkby and Knight, 1977), but the magnitude of increase in Zn 
concentration in B. juncea tissues was unexpected. A concentration effect may partially explain the 
increase in shoot Zn concentration with increasing N03 supply as shoot growth was suppressed, but the 
marked increase in root Zn concentration cannot be explained similarly. Although Zn precipitation at the 
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root surface or in the root apoplast may have occurred due to an effect of N03 on increasing pH, results 
suggest that N03' increased Zn absorption because Zn concentrations increased in roots and in shoots. 
Researchers may be able exert some control over Zn availability under contaminated field 
conditions by altering soil pH with different ratios of N forms used in fertility practices (Marschner, 
1993). In our study, the pH of nutrient solutions generally decreased with increasing proportion of NH4+ in 
solutions and with increasing Zn supply. Supplying Zn at 4.0 mg L 1 in solution resulted in a lowering of 
pH for all treatment solutions, but the effect was more pronounced for solutions that contained both 
sources of N than for solutions having 100% N03\ In previous studies, the acidifying effect of high Zn 
was attributed to the activation of an Fe efficiency response by B. juncea (see Chapter 3). Results showing 
a decline in pH suggest that B. juncea has an increased preference for NH4+ over N03' under Zn 
contaminated conditions, and that the absorption of NH4+ may be a primary means by which Fe efficient 
plants alter the cation-anion uptake ratio, and thereby change rhizosphere pH. 
The metal content of shoots (mg plant'1) is an important measurement for phytoextraction 
because it represents the total quantity of metal that can be removed from a contaminated site by 
harvesting, and disposing of, the metal-rich shoot tissue. In our study, the Zn phytoextraction potential of 
B. juncea was maximized at ~ 15 mg Zn plant'1 if plants received 10% of the total N as NH/-N and 90% 
as N03'-N under simulated Zn-contaminated conditions (4.0 mg Zn L'1). Because NH4+ is rapidly 
converted to N03' in soils through the nitrification process (Schmidt, 1982), the use of a nitrification 
inhibitor may be required under contaminated field conditions to ensure that NH44 is available for root 
absorption. Frequent applications of ammoniacal fertilizers may also ensure that NH/-N is present in 
soils. 
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Table 5.1. Influence of Zn concentration and NH4+:N03 molar % ratio supplied in solution culture on Cu, 
Fe, Mn, and Zn concentrations in the first fully expanded leaves of Brassica juncea. 
Treatment Nutrient 
Zn Supply NH4+:N03- Cu Fe Mn Zn 
— mg Zn L1.molar % ratio -- M6 6 Uiy Illdaa - 
0.05 0:100 7 100 168 24 
10:90 8 97 192 28 
20:80 7 107 213 32 
30:70 8 125 170 27 
40:60 9 130 164 26 
50:50 8 121 161 27 
Trend NS NS NS NS 
Average 8 113 178 27 
4.0 0:100 4 102 239 2433 
10:90 8 214 214 1845 
20:80 10 175 221 1608 
30:70 10 131 219 1507 
40:60 10 144 176 1178 
50:50 8 108 156 1049 
Trend Q** NS L** L** 
Average 
00 
Z
 ON
 150NS 201* 1529*** 
L, Q, NS, *, **, *** Linear, quadratic, nonsignificant or significant at P< 0.05, 0.01, or 0.00, respectively, 
as determined by regression analysis (for trend) or F-test (for average) comparing Zn at 0.05 mg L 1 with 
Zn at 4.0 mg L'1. 
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Table 5.2. Influence of Zn concentration and NH4+:N03 molar % ratio supplied in solution culture on Cu, 
Fe, Mn, and Zn concentrations in the roots of Brassica juncea. 
Treatment Nutrient 
Zn Supply NH4+:N03 Cu Fe Mn Zn 
— mg Zn L'1.molar % ratio — Mg 5 uiy iiidba - 
0.05 0:100 13 183 306 1172 
10:90 11 167 127 783 
20:80 12 236 95 760 
30:70 11 212 91 796 
40:60 12 207 56 725 
50:50 11 191 61 597 
Trend NS NS Q** Q** 
Average 12 199 123 806 
4.0 0:100 18 1663 121 7393 
10:90 21 1138 47 2185 
20:80 24 972 35 1666 
30:70 22 1208 51 1950 
40:60 22 734 35 1436 
50:50 20 768 43 1651 
Trend NS C** NS Q*** 
Average 21** 1028*** 49*** 2288*** 
Q, C, NS, **, ***, Quadratic, cubic, nonsignificant or significant at P< 0.01 or 0.001, respectively, as 
determined by regression analysis (for trend) or F-test (for average) comparing Zn at 0.05 mg L 1 with Zn 
at 4.0 mg L'1. 
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(% of total N) 
Figure 5.1. Mean shoot (A) and root (B) dry mass, and standard errors, for Brassica juncea as influenced 
by the Zn and NH/ concentration in solution (as % of total N supplied). Nitrogen-forin ratio and Zn 
treatments did not interact to effect dry mass production. Regression analysis for shoots (A):-y= 
14.66 + 0.16x - 0.002x2, R2=0.811;- y=7.19 + 0.28x - 0.003x2, R2=0.825. Regression analysis for 
roots (B):-Nonsignificant; —— Nonsignificant. 
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Figure 5.2. Figure shows data for plants supplied 4.0 mg Zn L 1 only. Mean Zn concentration of entire 
shoots (A) and roots (B), and standard errors, for Brassica juncea as influenced by the NH4* concentration 
in solution (as % of total N supplied). Nitrogen-form ratios did not influence significantly Zn 
concentration of entire shoots (mean, 32 /ug g'1) or roots (mean, 806 fug g ‘) if plants were supplied 0.05 
mg Zn L1. Regression analysis for shoots (A): y=1870 - 37.59x + 0.38x2, R2=0.914; Regression analysis 
for roots (B): y=6520 - 330.00x + 4.85x2, R2=0.834. 
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(% of total N) 
Figure 5.3. Overall mean root P concentration (% dry mass), and standard errors, as influenced by the 
NH4+ concentration in solution (as % of total N supplied). Root P concentration was not affected by Zn 
levels overall, nor did N-form ratio and Zn treatments interact to effect the P concentration of roots. 
Regression analysis for roots: y=1.25 - 0.04x + 0.0006x2, R2=0.932. 
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Figure 5.4. Effects of Zn concentration and NH4+ to NO-,' ratio (molar % ratio) on the average pH of 
treatment solutions over a seven day period following the supply of fresh treatment solutions (day 0) to 
Brassica juncea. Total N concentration in solution was 210 mg N L1. 
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NH4+ Concentration in Solution 
(% of total N) 
Figure 5.5. Figure shows data for plants supplied 4.0 mg Zn L'1 only. Mean Zn content of entire shoots 
(A) and roots (B), and standard errors, for Brassica juncea as influenced by the NH4* concentration in 
solution (as % of total N supplied). Nitrogen-form ratio treatments did not influence significantly Zn 
content of entire shoots (mean, 0.5 lmg plant'1) or roots (mean, 2.15 mg plant') if plants were supplied 
0.05 mg Zn L1. Regression analysis for shoots (A): y=11.86 + 0.44x - 0.02x2 + 0.0002x3, R2=0.872. 
Regression analysis for roots (B): y=8.51 - 0.36x + 0.005x2, R^O^S. 
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CHAPTER 6 
ZINC PHYTOEXTRACTION BY INDIAN MUSTARD AS INFLUENCED BY NITROGEN 
AND PHOSPHORUS NUTRITION 
6.1. Abstract 
Mineral nutrition influences plant growth and absorption of elements, which are two factors that 
influence the ability of plants to accumulate metals in tissues. Proper nutrition enhance Zn accumulation 
and enhance the potential for plant-based remediation methods such as phytoextraction. Our objectives 
were to determine the effects of N and P supply on growth and accumulation of Zn by Indian mustard 
{Brassica juncea Czem.) under simulated Zn-contaminated conditions. In a factorial experiment, B. 
juncea (accession 426308) was supplied with five levels of N (50, 150, 250, 350, and 450 mg L'1) in 
combination with four levels of P (5, 20, 35, and 50 mg L'1) for three weeks in solution culture. All 
solutions contained 3.0 mg Zn L'1, a level of Zn determined to cause Zn toxicity in B. juncea. Shoot dry 
mass increased from 9.6 to 14.0 g plant'1 with increasing supply of N up to 150 mg N L1, but dry mass 
was not increased further at higher levels of N exposure. Plant growth was not influenced by the supply of 
P in solutions. Mean shoot Zn concentration increased from 483 to 680 /ug g'1 as the N concentration in 
solution increased from 50 to 350 mg N L1, and shoot Zn concentration increased from 580 to 674 /ug g' 
as the P supply in solution increased from 5 to 50 mg L1. The Zn content (mg plant ‘) of B. juncea shoots 
increased by 100% (from 4.6 to 9.3 mg Zn plant'1) as the supply of N increased from 50 to 350 mg L ’, 
and by 20% (from 7.3 to 8.8 mg Zn plant'1) as the supply of P increased from 5 to 50 mg L1. Iron 
concentrations in B. juncea roots increased, and concentrations in leaves decreased with increasing supply 
of P, indicating that plants may be more prone to Fe deficiency with increased P fertility. Results suggest 
that N fertility can be used to increase the Zn phytoextraction potential of B. juncea, but supplying P in 
excess of plant growth requirements does not enhance Zn phytoextraction. 
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6.2. Introduction 
The ability of plants to accumulate metals in their tissues is central to the success of plant-based 
metal-remediation technologies, such as phytoextraction - a remediation technology aimed at the removal 
of metals from contaminated sites through the use of metal-accumulating plants (Kumar et al., 1995). 
Metal-accumulating plants, such as B. juncea, are candidates for phytoextraction because of their ability 
to absorb and translocate metals to their shoots, where the metals accumulate (Kumar et al., 1995). The 
amount of metal removed by harvesting the shoots is a function of shoot mass and concentration of metal. 
Several methods have been employed to increase the concentration of metals in shoot tissues, including 
the use of acidifying (Blaylock and Huang, 2000; Huang et al., 1998) or chelating agents (Blaylock et al., 
1997; Huang et al., 1997a), which liberate soil-bound metals for root absorption. Mineral nutrition could 
be used to enhance phytoextraction by influencing plant growth and the absorption of elements from the 
root medium (Marschner, 1995), but little attention has been given to the development of specialized 
fertility practices for phytoextraction. 
Zinc is an essential element for plants (Sommer and Lipman, 1926) and animals (White, 1993), 
and has a wide range of industrial uses. Zinc is also a common contaminant and has reached phytotoxic 
levels in many soils from a wide range of anthropogenic activities (Chaney, 1993). Brassica juncea is 
moderately effective in extracting Zn from contaminated media (Ebbs and Kochian, 1997, 1998) but 
suffers a suppression of growth if Zn becomes phytotoxic (see Chapter 3). It may be possible to enhance 
Zn accumulation and growth of B. juncea under Zn-contaminated conditions through proper plant 
nutrition. Under simulated Cd-contaminated conditions, B. juncea shoots contained more total Cd if 
plants were supplied increasing levels of N, P, or K, primarily due to increased shoot mass production 
(Zaurov et al., 1999). Under conditions of limited Zn supply, N fertilization enhanced the transport of Zn 
from roots to shoots of wheat (Triticum aestivum L; Chaudhry and Loneragan, 1970), but whether or not 
N fertility would have the same effect under Zn-contaminated conditions is not clear. Phosphorus 
fertilization may also improve plant growth under Zn-contaminated conditions (Boawn and Rasmussen, 
1971) and could increase the Zn tolerance of plants. Reports suggest that P may detoxify Zn in plants by 
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forming Zn phytate or sparingly soluble Zn phosphates in the roots, thereby rendering a portion of the 
total Zn physiologically inactive (Cakmak and Marschner, 1987; Loneragan and Webb, 1993; Zhao et al., 
1998). 
If available in excess of plant needs, Zn may induce deficiencies of other essential elements 
including P (Boawn and Rasmussen, 1971), Cu, Fe, and Mn (Marschner, 1995), and apparent deficiencies 
of Fe and Mn for B. juncea have been reported (Ebbs and Kochian, 1997). These deficiencies can suppress 
plant growth and may limit the potential of B. juncea for phytoextraction. Nitrogen and P nutrition may 
alleviate nutrient deficiencies by stimulating root growth, thereby increasing the potential for absorption 
of nutrients. In contrast, fertilizer additions may stimulate growth to the point of diluting the 
concentrations of other nutrients in the plant to growth-limiting levels — a phenomenon known as a 
dilution effect (Olsen, 1972). Applied P may form sparingly soluble complexes with Fe in roots, or at the 
root surface (Ayed, 1970), and exacerbate Zn-induced Fe deficiency. In addition, the formation of Zn 
phytate or Zn phosphate in roots may limit the translocation and accumulation of Zn in the shoots. 
The objectives of this study were to determine the effects of increasing levels of N and P supply 
on plant growth, the accumulation of Zn in plant tissues, and the development of nutrient disorders for B. 
juncea grown under simulated Zn-contaminated conditions. Reports concerning the interactions between 
N and Zn or P and Zn are often confounding, and these relationships are most often studied under 
conditions of limited Zn supply. Assessing these relationships under conditions of excessive Zn supply, as 
in this experiment, will increase our general understanding of nutrient interactions and will help define 
the extent to which N and P fertility can enhance growth and Zn accumulation in B. juncea. Results will 
also help to define the potential benefits or risks associated with the application of N or P for Zn 
phytoextraction in terms of ameliorating or exacerbating nutrient deficiencies. 
6.3. Materials and Methods 
Seed of Indian mustard (Brassica juncea Czem. accession 426308) were obtained from the 
USDA-ARS North Central Region Plant Introduction Station at Iowa State University, Ames, Iowa, USA. 
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This accession is effective at accumulating metals, such as Pb and Zn, in shoot tissues (Ebbs et al., 1997; 
Ebbs and Kochian, 1998; Kumar et al., 1995) and was determined to be Zn tolerant (see Chapter 3). Seeds 
were germinated in a perlite medium and under intermittent mist until the development of the first true 
leaves. Plants were then grown during March of 2001 in a greenhouse under natural light and temperature 
(average day, 24°C; night, 22°C) conditions in Amherst, Massachusetts (42N, 72W). Seedlings were 
watered as needed with either deionized water or quarter-strength Hoagland’s No. 1 solution (Hoagland 
and Amon, 1950). At the two-true-leaf stage roots were washed free of perlite, and selected plants were 
transferred to 4.8 L of quarter-strength modified Hoagland's solution (Jones, 1997) in aerated, 
polyethylene containers (21cm ht. x 23cm diam). Solutions were modified to provide seedlings with (mg 
L1) 50 N and 5 P supplied as NH4N03 and KH2P04. 
After pre-treatment for 12 days, plants were subjected to full-strength modified Hoagland’s 
solutions providing five N treatments of (mg N L'1) 50, 150, 250, 350, and 450 supplied as NH4N03 and 
four P treatments of (mg P L'1) 5, 20, 35, and 50 supplied as KH2P04. These concentrations were selected 
to elicit a wide range in N and P nutrition. Modified Hoagland's solutions provided plants with (mg L'1) 
235 K, 200 Ca, 49 Mg, and variable S (136 to 160 mg L'1) as a combination of CaCl2, KH2P04, K2S04, 
and MgS04. Micronutrient concentrations supplied, excluding Zn, were (mg L1) 0.5 B, 350 Cl, 0.02 Cu, 
1.37 Fe, 0.5 Mn, and 0.01 Mo as a combination of H3B03, CaCl2, CuS04, Fe-EDDHA (Iron 
ethylenediamine dihydroxyphenylacetic acid), MnCl2, and H2Mo04. Plants were supplied 3.0 mg Zn L 1 as 
ZnS04. In a prior preliminary study subjecting plants to more than 3.0 mg Zn L'1 did not increase the total 
Zn content of shoots, and plants exhibited symptoms of Zn toxicity (see Chapter 3). The average initial pH 
of treatment solutions was 5.0. Nutrient solution pH levels were determined daily for each treatment. 
Nutrient solutions were changed once per week with transpiration losses being replaced during the week 
with deionized water. After 3 weeks, plant foliage was ranked visually (0, no chlorosis and dark green; 1, 
no chlorosis and light green; 2, mild chlorosis; 3, severe chlorosis or necrosis), and plants were removed 
from solution cultures. The first fully mature leaves of each plant were collected; roots were separated 
from shoots, and roots were rinsed with deionized water. 
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All tissues were dried at 80 °C for 48 hours in a forced-air oven, and dry mass was determined 
(Campbell and Plank, 1998). Dried leaf samples were ground by mortar and pestle, and other plant tissues 
were ground in a rotary (Wiley) mill to pass a 40-mesh (0.5 mm) screen. After grinding, portions of all 
plant tissues were ashed in a muffle furnace at 500 °C for 18 hours (Isaac and Jones, 1972), and the 
resulting ash was dissolved in 10 mL of concentrated HN03 and diluted to a final volume of 50 mL with 
distilled water (Miller, 1998). These digested samples were the basis for the determination of Zn, Cu, Fe, 
Mn, and P in plant tissues. The Zn concentration of all plant parts, the Fe concentration in leaves and 
roots, and the concentrations of Cu and Mn in leaves were determined by atomic absorption 
spectrophotometry (Hanlon, 1998). Nitrogen in leaf samples was determined by a modified Kjeldahl 
method using the Winkler procedure (see Appendix D; Bradstreet, 1965), and P in leaves and roots was 
determined by the vanadomolybdophosphoric acid colorimetric method (see Appendix C, Franson, 1975). 
Analyses of leaf tissues were used to assess if nutrients were present in deficient, sufficient, or toxic 
amounts (Marschner, 1995). The total Zn content (mg plant'1) of shoots and roots was determined for each 
individual plant by multiplying the total Zn concentration (jug g') and the dry mass (g). 
In a factorial experiment, B. juncea accession 426308 was supplied with the five levels of N and 
four levels of P in a randomized complete block design. Each treatment combination was replicated with 
four blocks with a total of 80 solution culture pots in the experiment, each pot having two plants. 
Dependent variables included: visual rankings of plant foliage; root and shoot diy mass; Cu, Fe, Mn, N, P, 
and Zn concentrations of the first fully mature leaves; Fe, P, and Zn concentrations of entire roots, and 
entire shoots; and total Zn contents of entire roots and shoots. The influence of the independent variables, 
N and P levels, on the dependent variables was tested with analysis of variance (Steel and Torrie, 1960). If 
significant differences (P^O.OS) in the dependent variables occurred, regression analysis (Steel and Torrie, 
1960) was used to describe trends relative to the N or P treatments. Statistical analyses were performed 
with SAS (SAS Institute, Cary, NC), a statistical analysis software package. 
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6.4. Results and Discussion 
6.4.1. Plant Growth 
The success of phytoextraction depends on the ability of plants to accumulate large quantities of 
shoot biomass under metal-contaminated conditions without exclusion of the metals (Blaylock et al., 
1997; Cunningham and Ow, 1996). Results from this study suggest that N fertilization can enhance the 
ability of B. juncea to phytoextract Zn by stimulating growth (Table 6.1). The effect of N on increasing 
dry mass production was most evident as N concentrations in solution increased from 50 to 150 mg N L1 
(Table 6.1). Higher levels of N supply had no effect on increasing shoot dry mass and slightly suppressed 
root dry mass. Suppression of dry mass production among plants supplied with 50 mg N L1 and chlorosis 
of the mature leaves (Figure 6.1) suggest that these plants may have been N deficient. Chlorosis of mature 
leaves was not observed among plants supplied with N concentrations >50 mg L'1 (Figure 6.1), indicating 
that the N in plant tissues was sufficient for growth. Other reports suggest that N fertilization increases B. 
juncea growth under contaminated (Cd; Zaurov et al., 1999) and non-contaminated conditions (Gurjar 
and Chauhan, 1997; Thakral et al., 1995; Tomar et al., 1997). In contrast to N treatments, the level of P 
supplied in solutions did not influence the growth of B. juncea (Table 6.2). In other research, P 
fertilization increased the growth of B. juncea under non-contaminated conditions (Mehar et al., 1990; 
Prasad et al., 1991). Results from our study suggest that B. juncea can absorb adequate quantities of P for 
growth over a broad range of P concentrations in the nutrient medium. 
6.4.2. Zinc Concentration in Roots and Shoot Tissues 
The ability of B. juncea to concentrate Zn in roots or shoots was influenced significantly by the 
supply of N or P in the solution. Zinc concentrations in roots generally increased with increasing supply of 
N (Table 6.1) or with increasing supply of P up to 35 mg L'1 (Table 6.2). Similar to roots, Zn levels in 
shoots increased with increasing supply of N up to 350 mg L 1 (Table 6.1) or with increasing supply of P 
up to 50 mg L1 (Table 6.2). Our results with Zn phytoextraction differ from a report concerning the 
phytoextraction of Cd, where increased N fertility decreased the Cd concentrations in B. juncea through a 
dilution effect (Zaurov et al., 1999). The stimulatory effect of N on the accumulation of Zn by B. juncea 
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may be explained partially by increased root growth (Table 6.1), but the effect of N on root dry mass 
production was limited at solution concentrations > 150 mg N L'1; hence, the stimulation effect of N on Zn 
concentration was due to a combined effect of increased root growth and to an unknown effect of N itself. 
In studies with sugar beet (Beta vulgaris L.), Boawn et al. (1960) reported that increasing N (supplied as 
either (NH4)2S04, Ca(N03)2, or NH4N03) increased Zn accumulation ~ an effect that was independent of 
soil pH. Under conditions of excessive Zn supply (3.0 mg L'1), P also had a stimulatory affect on the 
absorption of Zn by B. juncea roots, but the effect was not related to root mass production (Table 6.2), 
only to the concentration of P in the external solution. In contrast to our findings, P supply (from 8 to 62 
mg P L'1) had no effect on the accumulation of Zn by okra (Abelmoschus esculentum L.) if Zn 
concentrations in solution culture were < 0.065 mg Zn L'1 (Loneragan et al., 1982). Results suggest that 
the effect of P supply on Zn accumulation in plants may depend on the supply of Zn in the nutrient 
medium. 
The relative transport of Zn to B. juncea shoots varied with the Zn concentration in roots. If root 
Zn concentrations were less than 700 /ug g"1, the Zn concentration in roots and shoots did not differ 
(Tables 6.1 and 6.2). In contrast, Zn concentrations in shoots were less than in roots if Zn accumulated in 
roots in excess of 700 /ug g1. This result suggests that B. juncea has a limited capacity to regulate Zn 
absorption by roots but is able to restrict the translocation of Zn to shoots to escape toxicity. This 
exclusion mechanism, and the inability to regulate root absorption of metals, is well documented for other 
plants that are indigenous to metalliferous soils (Baker, 1981; Peterson, 1971, 1975). 
In contrast to entire roots and shoots, N and P treatments did not influence Zn concentrations in 
the first fully mature leaves of B. juncea (mean, 639 /ug g1; Tables 6.3 and 6.4). Although Zn 
concentrations were above the level considered to be toxic for crop plants (300 /ug Zn g'1; Marschner, 
1995), symptoms of Zn toxicity (chlorosis of young leaves) were not observed. In other studies, B. juncea 
was determined to be Zn tolerant, and plants accumulated approximately 800 ^g Zn g 1 in leaf tissues 
without exhibiting foliar symptoms of Zn toxicity (see Chapter 3). 
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6.4.3. Nutritional Status of Brassica Juncea 
The effectiveness of B. juncea for Zn phytoextraction may be limited by nutrient disorders that 
suppress growth. Nutrient concentrations were determined in the first fully mature leaves of B. juncea to 
compare the effects of N and P supply on the relative nutrient status of plants. Selection of these particular 
leaves ensured that analyses were being performed on plant parts of equal physiological age (Bates, 1971). 
Leaf N concentrations increased sharply from 4.35 to 7.85 % with increasing supply of N from 50 to 450 
mg L'1 (Table 6.3), and plants supplied with the lowest level of N (50 mg L'1) were assessed to be N 
deficient. Although 4 % N in the shoot dry mass is considered a sufficient level of N for the growth of 
crops (Mills and Jones, 1996; Munson, 1998), 4.35 % N in the first fully mature leaves of B. juncea was 
indicative of N deficiency in our hydroponic system. Evidence of N deficiency includes the development of 
uniform chlorosis of mature leaves (Figure 6.1; Marschner, 1995; Mills and Jones, 1996) and a 
suppression of root and shoot growth (Mengel and Kirkby, 1987). Nitrogen concentrations in leaves were 
also suppressed with decreasing levels of P supply, but the lack of leaf chlorosis suggests that plants were 
not N deficient (Table 6.4). 
The decrease in pH of solutions receiving 50 mg N L1 (Figure 6.2) suggests that plants lowered, 
or even depleted, the supply of N in the root medium. Under conditions of adequate N supply, N is 
absorbed in excess of other nutrients and, therefore, influences plant-induced changes in rhizosphere pH 
strongly (Marschner and Romheld, 1983). When the supply of N is limiting, cations such as K4 and Ca2* 
will be absorbed in excess of anions (Marschner, 1995). The result of increased absorption of cations in 
relation to anions is a net release of H+ by plant roots and a lowering of pH (Marschner, 1995), as was 
observed here with 50 mg N L'1. 
Phosphorus concentrations in leaves of B. juncea increased from 0.57 to 0.70% with increasing 
supply of N up to 250 mg N L'1 but were suppressed at higher levels of N supply (Table 6.3). Leaf P levels 
also increased from 0.22 to 0.89% with increasing supply of P up to 50 mg P L 1 (Table 6.4). In addition, 
the concentration of P in roots increased from 0.25% to 0.55% with increasing P supply from 5 to 50 mg 
L1 (data not tabulated). Nitrogen treatments had no effect on P concentrations in B. juncea roots (mean. 
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0.46% P; data not tabulated). In other reports, P fertilization increased the concentration of P in oilseed 
rape (Brassica napus L.; Lu et al., 1998) and sunflower leaves (Helianthus annuus L., Loubser and 
Human, 1993), and N fertilization increased the P concentrations in com leaves (Zea mays L.; Adriano et 
al., 1971). In our experiment, the P concentration in B. juncea leaves was consistently within the range 
considered sufficient for the growth of crop plants (0.16 to 0.99 %; Munson, 1998). 
Leaf Cu and Mn concentrations in leaves were consistently above the critical deficiency levels 
reported for crops (Cu, 1 to 5 /ug g' ; Mn, ~ 12 /ug g'1; Marschner, 1995). Manganese levels in leaves, 
however, decreased from 157 to 130 /ug g'1 as the N concentration in solution increased from 50 to 450 mg 
L 1 (Table 6.3). The decrease in leaf Mn concentration with increasing N supply from 50 to 150 mg L'1 
may be explained by a dilution effect (Marschner, 1995), but the suppression of leaf Mn levels at solution 
concentrations >150 mg N L'1 cannot be explained similarly because plant growth was not affected 
(Table 6.1). Although significant, the effect of N supply on the Cu concentration in leaves was not 
profound (mean, 12 /ug Cu g1 ± 1 /ug g Table 6.3), and the relationship between N supply and the 
development of Cu deficiency in B. juncea is not likely of practical concern. The level of P supplied to B. 
juncea had no effect on the Cu concentration (mean, 12 /ug g1) or Mn (mean, 143 /ug g ‘) in leaves (Table 
6.4). Although effects between P and various micronutrients have been reported in soil-based experiments 
(Bingham and Martin, 1956; Bingham et al., 1958), sand and water-culture experiments have not shown 
substantial effects of P on the Cu (Bingham, 1963; Adriano et al., 1971) or Mn (Racz and Haluschak, 
1974;) nutrition of plants. 
The Fe status of B. juncea was affected significantly by the supply of P (Figure 6.3) but not by the 
supply of N in solutions (Table 6.3). In this experiment, the Fe concentration in roots increased and the 
concentration in leaves decreased as plants were subjected to increasing levels of P (Figure 6.3). Although 
Fe concentrations in leaves were suppressed from 104 to 77 /ug gl as P concentrations in solution rose, 
symptoms of Fe deficiency were not observed at any level of P supply. Results suggest that P suppressed 
leaf Fe levels by restricting the translocation of Fe from roots to shoots or by limiting Fe uptake. 
Phosphorus may interfere with the internal transport of Fe by forming sparingly soluble Fe phosphates 
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within roots or may limit Fe uptake by forming Fe phosphates at the root surface or in the root apoplast 
(Bienfait et al., 1985; Rediski and Biddulph, 1953). Regardless of the mechanism at work, results of this 
experiment suggest that P fertility may aggravate Zn-induced Fe deficiency of B. juncea. 
6.4.4. Zinc Content of Roots and Shoots 
The Zn content (mg plant') of B. juncea shoots increased from 4.6 to 9.3 mg Zn plant1 with 
increasing supply of N up to 350 mg L'1 (Table 6.1), and from 7.3 to 8.8 mg Zn plant'1 with increasing 
supply of P up to 50 mg L'1 (Table 6.2). Nitrogen treatments affected the total Zn content in shoots by 
influencing dry mass production and the Zn concentration in shoots, whereas P exerted its effect by 
influencing only Zn concentration (Tables 6.1 and 6.2). Results suggest that if N levels in the root 
medium are not sufficiently high to support growth, N addition to the root medium can improve the 
phytoextraction potential of B. juncea but that the benefits of N fertilization are substantially less, or 
absent, if the root medium contains a sufficient level of N for plant growth. Whether or not levels of P 
exposure > 50 mg L'1 would further increase the Zn content of B. juncea shoots was not established. 
Howev er, results suggest that Fe deficiency is a potential concern if P is supplied in excess of plant needs 
(Figure 6.3). 
The Zn content of roots, although not important for phytoextraction, is a primary' concern for 
other phytoremediation technologies such as phytofiltration (i.e., rhizofiltration, Dushenkov and 
Kapulnik, 2000). In this experiment, the total amount of Zn in B. juncea roots w as increased from 1.4 to 
3.8 mg plant1 with increasing supply of N from 50 to 450 mg L ’, but the effect was most evident if N 
concentrations were increased from 50 to 250 mg L l. Phosphorus, if supplied in excess of 5 mg P L'1, 
enhanced the total amount of Zn in roots (range, 2.5 to 3.3 mg Zn plant ‘). Although the concentrations 
(jug g'1) of Zn in the shoots w ere often lower than concentrations in the roots, the total Zn content (mg 
plant1) of B. juncea shoots was consistently higher than the Zn content of roots — a result that is related to 
differences in the amount of dry mass produced. 
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6.5. Conclusions 
Improving the conditions for plant growth by altering one growth factor can be without effect if 
another growth factor is limiting, a phenomenon described by Justus von Liebig's 'Law' of the Minimum’ 
(Mengel and Kirkby, 1987). To the extent that N was the limiting factor for the growth of B. juncea in our 
experiment, growth was enhanced by increasing N nutrition. However, growth suppressions caused by the 
direct toxic effects of Zn cannot be overcome by the addition of nutrients unless they have a bearing on the 
physiological availability of Zn in the plant. Although P is suspected to increase the Zn tolerance of plants 
(Cakmak and Marschner, 1987; Loneragan and Webb, 1993; Zhao et al., 1998), in our study, B. juncea 
did not exhibit symptoms of Zn toxicity under any level of P supply, although plants accumulated a level 
of Zn in leaves considered to be toxic for crop plants (average, 639 tug g'). 
Phosphorus amendments can be used to stabilize heavy metals in soils or to reduce their inherent 
toxicity by the formation of sparingly soluble P-metal complexes (Berti and Cunningham, 2000). Such 
stabilization techniques, involving the addition of copious amounts of P, should probably not be used in 
conjunction with Zn phytoextraction techniques in the field. In our study increased P nutrition was 
associated with an increase in shoot Zn concentration, but a decrease in the Fc nutritional status of plants. 
This result suggests that supplying P in excess of plant demand may exacerbate Zn-induced Fe deficiency. 
Results from our study suggest that proper nutrition may enhance the Zn phytoextraction 
potential of B. juncea. The Zn content (mg plant'1) of shoots increased by 100% as the supply of N 
increased from 50 to 350 mg L 1 and by 20% as the supply of P increased from 5 to 50 mg L Nitrogen 
treatments affected the total content of Zn in shoots by influencing dry mass production and the 
concentration of Zn in shoots, whereas P exerted its effect by only influencing the concentration of Zn. 
The stimulatory affect of N and P nutrition on the accumulation of Zn in B. juncea tissues cannot be 
explained fully by increased root growth or by concentration effects. Despite the apparent benefits of 
mineral nutrition for phytoextraction, fertilizers should be used judiciously because of the potential risks 
of exacerbating nutrient disorders under Zn-contaminated conditions. 
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Table 6.1. Mean dry mass, Zn concentration, and Zn content of Brassica juncea roots and shoots as 
influenced by the supply of N in solution. 
N Supply in 
Solution 
(mg L1) 
Mean Dr 
Mean Zn Level in Plant 
v Mass Concentration Content 
g puuii 
Roots Shoots 
jUg 5 Ulj llldoo —- 
Roots Shoots Roots Shoots 
50 1.5 9 6**t 453 483NS 1.4 4.6** 
150 2.0 14.0** 614 619NS 2.4 8.5** 
250 1.8 13.4** 939 665** 3.5 8.8** 
350 1.8 14.1** 1055 680** 3.7 9 3** 
450 1.8 13.4** 1114 648** 3.8 8.7** 
Trend1 C* Q** Q** Q** Q** Q** 
Average 1.8 12.9** 835 619** 3.0 8.0** 
T Difference between means of roots and shoots at any given level of N as determined by /-test; Ns, **, 
Nonsignificant or significant at P<0.01, respectively. 
1 Q, C, NS, *, **, Quadratic, cubic, nonsignificant or significant at P<0.05, or 0.01, respectively, as 
determined by regression analysis. 
Table 6.2. Mean dry mass, Zn concentration, and Zn content of Brassica juncea roots and shoots as 
influenced by the supply of P in solution. 
Mean Zn Level in Plant 
P Supply in 
Mean Drv Mass Concentration Content 
Solution 
(mg L*1) -g plant1- -/ig g'1 dry mass- -mg plant' - 
Roots Shoots Roots Shoots Roots Shoots 
5 1.9 12.5**t 650 580ns 2.5 7.34** 
20 1.8 13.4** 858 573** 3.3 7.69** 
35 1.7 12.6** 965 648** 3.0 8.06** 
50 1.7 12.9** 863 674* 2.9 8.79** 
Trend1 
NS NS Q** L** Q* L** 
Average 1.8 12.9** 834 619** 2.9 8.0** 
t Difference between means of roots and shoots at any given P supply determined by /-test; s, *, **, 
Nonsignificant or significant at P<0.05, or P<0.01, respectively. 
* L, Q, NS, *, **, Linear, quadratic, nonsignificant or significant at P<0.05, or 0.01, respectively. 
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Table 6.3. Nutrient concentrations in the first fully mature leaves of Brassica juncea as influenced by the 
supply of N in solution. 
N Supply in 
Solution 
(mg L1) 
Nutrient Concentration in Leaves (diy mass) 
N P 
_0/_ 
Cu Fe Mn 
, „-i 
Zn 
M'S 6  
50 4.35 0.57 11 81 157 660 
150 5.97 0.60 13 88 154 654 
250 6.91 0.70 12 84 140 629 
350 7.48 0.68 12 81 134 614 
450 7.85 0.62 11 90 130 634 
TrendT Q** Q** C* 
NS 
L** NS 
Average 6.51 0.63 12 85 143 638 
1 L, Q, C, Ns, *, **, *** Linear, quadratic, cubic, nonsignificant or significant at P<0.05, or 0.01, 
respectively, as determined by regression analysis. 
Table 6.4. Nutrient concentrations in the first fully mature leaves of Brassica juncea as influenced by the 
supply of P in solution culture. 
Nutrient Concentration in Leaves 
Solution N P Cu Mn Zn 
(mg L1) ... % ..., -,ug g 1- 
5 6.16 0.22 12 141 648 
20 6.56 0.59 11 136 589 
35 6.62 0.83 12 144 644 
50 6.65 0.89 12 151 676 
Trend1 Q** Q** 
NS NS NS 
Average 6.50 0.63 12 143 639 
t q ns, ** *** Quadratic nonsignificant or significant at P<0.01, respectively, as determined by 
regression analysis. 
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N Concentration in Solution (mg L'1) 
Figure 6.1. Mean visual rankings of Brassica juncea foliage at harvest, with standard errors, as 
influenced by the supply of N in solution. Visual ranking values: 3, severe chlorosis or necrosis; 2, mild 
chlorosis of mature leaves; 1, no chlorosis and light green; 0, no chlorosis and dark green. Regression 
analysis of the effect of N: y=2.12 - 0.006x + 0.000007x2, R2=0.925. Phosphorus treatments did not 
influence plant appearance, nor did P and N interact to affect plant appearance. 
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N Concentration in Solution (mg L'1) 
Figure 6.2. Mean nutrient solution pH, and standard errors, as influenced by the supply of N (as NH4N03) 
in solution culture. Regression analysis on the effect of N: y=3.70 + 0.002x - 0.000004x2, R2=0.893. 
Phosphorus treatments djd not influence nutrient solution pH, nor did P and N interact to affect pH. 
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Figure 6.3. Mean concentrations of Fe in the first fully mature leaves (A) and roots (B) of Brassica 
juncea, with standard errors, as influenced by the supply of P in solution. Regression analysis on leaves 
(Ay. y= 103.80 - 0.60x, r^J.922. Regression analysis on roots (B): y=317.21 + 14.26x, r2=0.977. Nitrogen 
treatments did not influence the concentration of Fc in leaves or roots, nor did N and P interact to 
influence Fe concentration of leaves and roots 
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APPENDIX A 
PREPARATION OF PLANT TISSUE FOR NUTRIENT ANALYSIS 
Apparatus 
1. Forced-air oven 
2. Mortar and pestle 
3. Mechanical (Wiley) mill equipped with 40-mesh screen 
4. Porcelain crucibles (30 mL) 
5. Muffle furnace 
6. Coin envelopes 
7. Plastic bottles and caps (sterile, air-tight, 70 mL) 
Reagents 
1. Distilled H20 
2. Nitric Acid, HN03 (concentrated) 
Procedure 
1. Dry plant tissue at 80 °C for 48 hours in a forced-air oven. 
2. Grind tissue to fine powder with mortar and pestle, or with mill to pass a 40-mesh screen. 
3. Weigh 0.5 g of dried, ground tissue into a 30 mL porcelain crucible. 
4. Place samples into a cool muffle furnace and set temperature control of the furnace to 500°C. 
Maintain temperature for 18 hours, turn furnace off, open doors, allow to cool. 
5. Take ash up into 10 mL of 1.0 N HN03, and dilute to a volume of 50 mL and store digest 
samples in air-tight, sterile, plastic bottles until analysis. The strength of the acid in the diluted 
digest sample is 0.2 N HN03. This digest is used for the analysis of Cu, Fe, Mn, P, and Zn. 
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APPENDIX B 
MISCELLANEOUS INFORMATION CONCERNING THE DETERMINATION OF CU, FE, MN, 
AND ZN BY ATOMIC ABSORPTION SPECTROMETRY 
Preparation of standard stock solutions 
1. Copper (Cu) Standard (1000 mg L'1): Weigh 1.000 g of Cu metal into a 1 L volumetric flask. 
Dissolve with approximately 15 mL of HN03 and 15 mL of distilled H20. Bring to volume with 
distilled H20. 
2. Manganese (Mn) Standard (1000 mg L'1): Weigh 1.000 g of Mn metal into a 1 L volumetric 
flask. Dissolve with approximately 15 mL of HN03 and 15 mL of distilled H20. Bring to volume 
with distilled H20. 
3. Iron (Fe) Standard (1000 mg L'1): Weigh 1.000 g of Fe metal into a 1 L volumetric flask. 
Dissolve with approximately 15 mL of HN03 and 15 mL of distilled H20. Bring to volume with 
distilled H20. 
4. Zinc (Zn) Standard (1000 mg L'1): Weigh 1.000 g of Zn metal into a 1 L volumetric flask. 
Dissolve with approximately 15 mL of HN03 and 15 mL of distilled H20. Bring to volume with 
distilled H20. 
Copper - atomic absorption spectrometry information 
1. Detection limit: The range for Cu is linear up to a concentration of approximately 4 ng inL 1 
2. A standard containing 0.7 /ug mL 1 of Cu will give a reading of approximately 0.1 absorbance. 
3. Light source: Hollow cathode 
4. Lamp current: 5 mA 
5. Wavelength: 324.7 nm 
6. Burner height: 2 
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7. Bandpass: 1 nm 
8. Flame description: air-acetylene, oxidizing, fuel lean, blue 
Manganese - atomic absorption spectrometry information 
1. Detection limit: The range for Mn is linear up to a concentration of approximately 3 /ug mL 
2. A standard containing 0.5 /ug mL 1 of Mn will give a reading of approximately 0.1 absorbance. 
3. Light source: Hollow cathode 
4. Lamp current: 5 mA 
5. Wavelength: 279.5 nm 
6. Burner height: 2 
7. Bandpass: 0.5 nm 
8. Flame description: air-acetylene, oxidizing, fuel lean, blue 
Iron - atomic absorption spectrometry information 
1. Detection limit: The range for Fe is linear up to a concentration of approximately 5 /ug mL'1. 
2. A standard containing 1.0 /ug mL'1 of Fe will give a reading of approximately 0.1 absorbance. 
3. Light source: Hollow cathode 
4. Lamp current: 8 mA 
5. Wavelength: 248.3 nm 
6. Burner height: 4 
7. Bandpass: 0.3 nm 
8. Flame description: air-acetylene, oxidizing, fuel lean, blue 
Zinc - atomic absorption spectrometry information 
1. Detection limit: The working for Zn is linear up to a concentration of approximately 1 /ug mL '. 
2. A standard containing 0.25 /ug mL'1 of Zn will give a reading of approximately 0.1 absorbance. 
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3. Light source: Hollow cathode 
4. Lamp current: 3 mA 
5. Wavelength: 213.9 nm 
6. Burner height: 1 
7. Bandpass: 1 nm 
8. Flame description: air-acetylene, oxidizing, fuel lean, blue 
Notes for atomic absorption spectrometry 
1. Prepare 5 standards and one blank for every element assessed. Standards should be within the 
linear working range, the highest concentration should just exceed the maximum anticipated 
concentration of sample, the lowest standard should be slightly less than the lowest anticipated 
concentration of sample, and the middle standard be representative of the concentration that most 
samples are likely to be. The middle standard is the AUTO CALIBRATE standard, and you 
should prepare twice as much as the other standards. 
2. Acid concentration of samples, standards, and blank are 0.2 N HN03. 
3. Read samples for 3 runs, each being 3 seconds. 
4. Auto blank and auto calibrate every 2-10 samples. 
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APPENDIX C 
THE VANADOMOLYBDOPHOSPHORIC ACID COLORIMETRIC METHOD FOR THE 
DETERMINATION OF P 
Apparatus 
1. Light spectrophotometer and cuvettes 
2. Volumetric flasks (25 mL) 
3. Storage container (1 L, able to keep light out) 
Reagents: 
1. Monopotassium phosphate, KH2P04 
2. Ammonium meta-vanadate, NH4V03 
3. Ammonium molybdate tetrahydrate, (NH4)6Mo7024 • 4H20 
4. Nitric acid, HN03 (concentrated) 
5. Distilled H20 
Procedure 
1. Prepare plant digest samples (see Appendix A). 
2. Reagent (A): Dissolve 25 g ammonium molybdate tetrahydrate in 300 mL of distilled H20. 
3. Reagent (B): Dissolve 1.25 g ammonium meta-vanadate in 500 mL of 5 N HN03. 
4. Mixed Reagent: While stirring, add reagent (B) to reagent (A). Transfer into 1 L volumetric flask 
and bring to volume with distilled H20. Mix well and keep from light. 
5. Add a 10 mL aliquot of a plant digest sample and 5 mL of the mixed reagent into a 25 mL 
volumetric flask. Bring to volume with 0.2 N HN03, mix well, and allow to sit 10 minutes for 
color development. 
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6. Prepare P stock solution: add 0.4393 g KH2P04 into a 1 L volumetric flask and bring to volume 
with 0.2 N HN03. Each mL of P stock solution delivers 100 ^g P. 
7. Prepare P standards for standard curve. Follow step 5, but substitute the plant digest aliquot with 
an appropriate amount of KH2P04 stock solution. Standards were 100, 300, 500, 700, and 1000 
yug P. Include a blank by substituting KH2P04 stock with 0.2 N HN03. 
8. With spectrophotometer, read absorbance of blank, standards, and samples at 470 nm. 
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APPENDIX D 
THE MODIFIED KJELDAHL METHOD, USING THE WINKLER PROCEDURE, FOR THE 
DETERMINATION OF TOTAL N 
Apparatus 
1. Kjeldahl digestion vessels (100 mL) 
2. Distillation apparatus 
3. Analytical balance (capable of weighing to nearest 0.001 g) 
4. Digestion (heating) block 
5. Fume Hood 
6. 125 mL Erlenmyer flasks 
7. Volumetric flasks (1 and 2 L) 
8. Titration apparatus capable of measuring to 50 mL 
Reagents 
1. Potassium sulfate, K2S04 
2. Copper (Cu) metal 
3. Sulfuric acid, H2S04 (concentrated) 
4. Distilled H20 
5. Sodium Hydroxide, NaOH (40%) 
6. Potassium bi-iodate, KH(I03)2 
Digestion Procedure 
1. Prepare plant tissue for analysis by following steps 1-2 in Appendix A. 
2. Weigh 0.20 g of tissue, 0.5 g K2S04, and 0.1 g Cu metal. Place in 100 mL Kjeldahl vessel. 
7. Distilled H20 
8. Boric Acid, H3B03 
9. Boiling chips 
10. Methyl red 
11. Methylene blue 
12. Ethanol, EtOH (95%) 
123 
3. Add 4.0 mL H2S04 (concentrated) to digestion vessel. 
4. Heat Kjeldahl vessel on digestion block on medium heat for 15 minutes, and then on HI for 1 l/2 
hours. NOTES: Initial color of digest is "mucky" black and white fume will evolve. As time 
progresses, color will turn from "mucky" black to brown, yellow, faint green, and finally to faint 
light blue. The digestion vessel should be rotated a quarter turn every 10 minutes. 
5. When digestion is complete, turn digestion (heating) block off and allow samples to cool. 
6. After digest is cool, add 30 mL of distilled H20 to digestion vessel. Place stopper in neck of 
digestion vessel and allow to cool to room temperature, then place in refrigerator for an hour. 
7. Remove samples from refrigerator and add liberal amount of boiling chips to the diluted digest 
(approx. 1 tbsp.). Replace stopper. 
Procedure for Distillation into Boric Acid (The Winkler Modification) 
1. Prepare 2% boric acid with mixed indicator: 
A. Mixed indicator preparation: Add 200 mg methyl red to 100 mL ethanol (95%) and mix 
well. In a separate vessel, mix 100 mg methylene blue with 50 mL ethanol (95%). Mix 
methyl red and methylene blue solutions together and store in refrigerator. 
B. Add 20 g boric acid to a 1 L volumetric flask, fill to approximately 500 mL with 
distilled water and stir until boric acid dissolves. After dissolved, add 10 mL of mixed 
indicator and bring to volume with distilled water. 
2. Turn on water to the distillation apparatus. 
3. Add 10 mL of the boric acid/mixed indicator solution into a 125 mL Erlenmyer flask and place 
flask under distillation apparatus to catch distillate. 
4. SLOWLY AND CAREFULLY add 15 mL NaOH (40%) to cold diluted digest samples and DO 
NOT MIX. If digest sample is not cold, or if you stir, a violent reaction will occur and vessel may 
explode. Place immediately on digestion heating block and secure to digestion apparatus. 
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5. Heat digestion mixture on medium heat for 5 minutes, and then on medium-high until 
distillation is finished. 
6. Distill until approximately 40 mL of distillate collects in the Erlenmyer flask containing the boric 
acid mixture. NOTE: If N is present in the distillate, the boric acid solution will turn in color 
from purple to olive green. 
7. Prepare 1/70 solution by dissolving 11.14 g KH(I03)2 in 2 L of distilled H20. 
8. Titrate distillate with 1/70 iVKH(I03)2 until the first perceptible color change from green to pink 
and record the number of mL's required for titration. Each mL equals 0.1% N in the sample. 
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